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Abstract: Mineral dust aerosol is one of the major types of aerosol present in the troposphere. The  8 
molecular level interactions of water vapor with mineral dust are of global significance. 9 
Hygroscopicity, light scattering and absorption, heterogneous reactivity and the ability to form 10 
clouds are all related to water-dust interactions. In this review article, experimental techniques to 11 
probe water interactions with dust and theoretical frameworks to understand these interactions are 12 
discussed. A comprehensive overview of laboratory studies of water adsorption, hygroscopicity, 13 
and cloud condensation nucleation and ice nucleation activity of fresh and atmspherically aged 14 
mineral dust particles is provided. Finally, we relate laboratory studies and theoretical simulations 15 
that provide fundemental insights into these processes on the molecular level with field 16 
measurements that illustrate the atmospheric significance of these processes. Overall, the details 17 
of water interactions with mineral dust are covered from multiple perspectives in this review article.  18 
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1 Introduction 92 
1.1 Significance of mineral dust aerosol in the atmosphere 93 
Atmospheric aerosols are ubiquitous in the atmosphere and consist of solid and liquid particles 94 
that range in size from a few nanometers to tens of micrometers. In addition to their impacts on air 95 
quality, human health, and visibility,1,2 these particles can alter the energy balance of the earth by 96 
scattering and absorbing solar and terrestrial radiation and by influencing the formation and 97 
properties of clouds.3,4 The lack of a complete understanding of the role of aerosols (and thus 98 
clouds) on the climate system becomes a bottleneck for reliable and accurate projections of climate 99 
change.5 Mineral dust aerosol is one of the main types of aerosol in the troposphere. Mineral dust 100 
particles are mainly emitted from arid and semi-arid regions (e.g., Saharan and Gobi Deserts),6,7 101 
with an annual flux of ~2000 Tg yr-1.8,9 It is estimated that natural dust sources account for 75% 102 
of the emission and anthropogenic sources account for the other 25%.10 One outstanding issue is 103 
the abundance of relatively bare mineral dust emitted from arid regions versus internally mixed 104 
“fertile soil dust” containing both mineral and organic components. Forster et al.11 suggested the 105 
latter contributed 0-20% of the global mineral dust budget, while a more recent satellite-based 106 
study 10 coupled to land usage maps suggested ~25%. After being lifted into the troposphere, 107 
mineral dust particles have lifetimes of up to several days 9 and can be transported over thousands 108 
of kilometres.12-18 109 
Table 1. Average emission fluxes and atmospheric loadings of different types of aerosol particles in the 110 
troposphere, as estimated by models participating in the aerosol model intercomparison initiative 111 
(AeroCom).8 112 
aerosol type emission (Tg yr-1) atmospheric loading (Tg) 
mineral dust 1840 19.2 
sea spray 16600 7.52 
 5 
sulfate 179 1.99 
primary organic matter 96.6 1.7 
black carbon 11.9 0.24 
 113 
The average emission fluxes and atmospheric abundances of different types of tropospheric 114 
aerosol particles, as estimated by models participating in the aerosol model intercomparison 115 
initiative (AeroCom),8 are provided in Table 1. While the emission of mineral dust is the second 116 
largest in the troposphere, with sea spray being the largest, it is the most abundant type of aerosol 117 
particle by mass with an estimated average atmospheric loading of 19.2 Tg,8 as much of sea spray 118 
particles have diameters larger than 10 μm and thus are quickly removed from the atmosphere 119 
through deposition.19 A substantial fraction of mineral dust particles also have large diameters and 120 
thus are quickly removed by dry deposition after they are entrained into the atmosphere.9 Dust 121 
emissions are closely linked to hydrological cycles, and climate variability can change dust 122 
emissions, leading to further feedbacks on the climate system.10,20-28 123 
 124 
Because of the overall loading and lifetime in the atmosphere, mineral dust can impact the Earth’s 125 
atmosphere and climate in a number of ways. Mineral dust particles can both scatter and absorb 126 
solar and terrestrial radiations, thus having direct radiative effects.29-43 44Optical scattering and 127 
absorption by mineral dust particles can further change the photolysis rates and thus influence 128 
photochemical cycles in the troposphere.45 Mineral dust particles can also have indirect impact on 129 
radiative forcing by acting as cloud condensation nuclei (CCN) to form liquid cloud droplets 46-55 130 
and ice nuclei (IN) to form ice clouds.56-73 In fact, mineral dust particles may be the dominant IN 131 
in the troposphere 74,75 and therefore have a significant impact on the Earth’s radiative budget,76-79 132 
precipitation, and the hydrological cycle.58,80-83 Additionally, deposited mineral dust particles can 133 
be a major contributor of several important elements, including Fe,84-87 P,88-91 and Cu,92,93 134 
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especially into open ocean waters 88,94-97 and the Amazon,98,99 and therefore have strong effects on 135 
biogeochemical cycles and the Earth’s climate system.100-103 136 
 137 
Mineral dust aerosol also influences air quality,104-106 visibility,107 and public health in dust-138 
impacted regions.12,20,104,108-119 For example, clear enhanced effects of particulate matter on 139 
respiratory and cerebrovascular diseases were observed during Saharan dust outbreaks in Roma, 140 
Italy.120 A recent modeling study 108 estimated that the fraction of cardiopulmonary deaths caused 141 
by mineral dust aerosol is about 1.8% globally, and in countries most affected by dust storms it is 142 
up to 15-50%. 143 
 144 
The mineralogy of dust particles is very complex, showing large variation with their sources and 145 
atmospheric transport processes.121-130 Different minerals can have very different physical and 146 
chemical properties, such as heterogeneous reactivity, refractive index, CCN and IN activity, and 147 
therefore have different impacts on atmospheric chemistry, cloud formation, and climate. For 148 
example, it has been shown that the kinetics of N2O5 uptake onto mineral dust particles vary over 149 
almost two orders of magnitude for different minerals,131-139 and the ice nucleation activity of 150 
different minerals can differ by several orders of magnitude.140,141 It is also suggested that the iron 151 
solubility in dust particles is strongly dependent on the mineloragy.142-144 Mineral dust particles in 152 
the troposphere consist of a variety of minerals that can be externally and internally mixed.145-149 153 
The emission fluxes and atmospheric abundance of the most abundant minerals, estimated by a 154 
recent modeling study,150 are shown in Table 2. 155 
 156 
Table 2. Emission fluxes and atmospheric loadings of different mineral phases, estimated by a recent study 157 
150 using the Community Atmosphere Model. 158 
mineral flux (Tg yr-1) atmospheric loadings (Tg) 
 7 
quartz 568.9 4.1 
illite 370.1 4.2 
montmorillonite 246.2 2.8 
feldspar 205 1.4 
kaolinite 192.3 2.2 
calcite 145.1 1.3 
hematite 24 0.2 
gypsum 15.3 0.1 
 159 
Less abundant minerals have not been included in most modeling studies; however, the impact of 160 
a mineral in the troposphere is not necessarily proportional to its abundance. For example, the 161 
mass fractions of TiO2 in mineral dust particles are typically a few percents or less,
32,151-153 but its 162 
semiconductor properties make it very important in heterogeneous photochemical reactions which 163 
may play an important role in the formation or removal of reactive trace gases in the 164 
troposphere.154-156 Saharan dust particles only contain 0.09% phosphorus on average, though the 165 
deposition of mineral dust particles from the Sahara desert is a major source of phosphorus for 166 
oceans.97 It has also been suggested that transition metals of trace amounts contained by mineral 167 
dust particles (and probably also anthropogenic particles) may significantly enhance the 168 
multiphase oxidation of SO2.
157 Furthermore, the complexity of mineral dust particles can be 169 
significantly increased due to their transformations resulting from chemical processing during 170 
transport.158-162 171 
 172 
In addition, a few minerals with high refractive indexes (such as TiO2 and Al2O3),
138,139,163-165 have 173 
recently been proposed as alternative particles to be injected into the stratosphere to scatter more 174 
solar radiation back into space, as a geoengineering method 166 to counteract global warming due 175 
to increasing levels of greenhouse gases. For example, it is estimated that in order to achieve the 176 
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same scattering effect, the use of TiO2 for stratospheric particle injection requires a factor of ~3 177 
less in mass than that of H2SO4 aerosols which are present as a natural aerosol in the 178 
stratosphere.163 179 
1.2 Overview of the interaction of water with mineral dust aerosol: adsorption, 180 
hygroscopic growth, and cloud condensation and ice nucleation 181 
Water is ubiquitous in the troposphere and can exist in the gas, liquid, and solid states. The amount 182 
of water vapor contained by air is usually described by relative humidity (RH), typically in %, 183 
which is defined as the ratio of its partial pressure to the saturated vapor pressure at the same 184 
temperature (T) multiplied by 100, as shown in Eq. (1): 185 
𝑅𝐻 = 100 ×
𝑃(𝑤𝑎𝑡𝑒𝑟)
𝑃𝑠(𝑤𝑎𝑡𝑒𝑟)
        (1), 186 
where P(water) is the partial pressure of water vapor and Ps(water) is the saturated vapor pressure 187 
of water. Under sub-saturation conditions, i.e. RH is lower than 100%, some water vapor will 188 
partition onto/into mineral dust particles. The amount of water associated with particles, in 189 
equilibrium with water vapor in the gas phase, depends on RH, T, and the type of dust particles. 190 
The partitioning of water between the gas and particle phase, is called water adsorption in surface 191 
science and hygroscopicity in aerosol science. Hygroscopicity is in fact a general term which 192 
describes the ability to absorb or release water as a function of water activity and how a substance 193 
can attract and hold water molecules from the surrounding environment. In aerosol science, it 194 
usually refers to the change in diameter, volume, or mass of particles when exposed to water vapor. 195 
Different theories are used to describe water adsorption versus hygroscopicity which differ in 196 
fundamental underlying assumptions to describe water partitioning between gas and particle 197 
phases under sub-saturation conditions, as discussed in more detail in Section 3. 198 
 199 
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When RH is larger than 100%, i.e. under super-saturation conditions, dust aerosol particles can be 200 
activated to cloud droplets (a process called cloud condensation nucleation).167 At a given super-201 
saturation, the ability of a particle to be activated to a cloud droplet depends on the particles 202 
diameter 168,169 and also its CCN activity, which is determined by its chemical composition and 203 
mixing state.170 When T is less than 273 K, mineral dust particles might be activated to form ice 204 
particles (ice nucleation) if the relative humidity to ice (RHi, defined as the ratio of the partial 205 
pressure of water vapor to the saturated pressure of ice at the same temperature) is larger than 206 
100%.167 In this article RH and RHi are referred to relative humidity with respect to liquid water 207 
and ice, respectively. 208 
 209 
What makes water uptake properties of mineral dust more complicated is that, as well known, 210 
during transport mineral dust particles react with a wide range of trace gases in the 211 
troposphere.156,161,171-187 These heterogeneous reactions involve gas-solid interactions. If mineral 212 
dust particles are activated to cloud droplets, multiphase reactions can occur in these aqueous cloud 213 
droplets.157,162,188-191 Heterogeneous and multiphase reactions can directly and indirectly change 214 
the concentrations of several important trace gases,161,172,192-198 such as NOx, O3 and OH radicals, 215 
thus imposing significant impacts on tropospheric chemistry. Furthermore, these reactions also 216 
lead to a change in surface and sometimes even the bulk chemical composition of mineral dust 217 
particles,126,158,199-210 thereby modifying their interactions with water, including surface 218 
adsorption,211,212 hygroscopicity,213-215 and cloud condensation nucleation 216-218 and ice nucleation 219 
activity.219-221 220 
 221 
The change in the interaction with water can in turn further influence the reactivity of mineral dust 222 
particles towards reactive trace gases. The change in composition and hygroscopicity of dust 223 
particles may influence both their refractive index 222 and optical diameters, and the change in 224 
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CCN and IN activity can results in the change in the probability of wet deposition,223,224 thereby 225 
impacting their atmospheric lifetime.224 In addition, heterogeneous chemistry can modify the 226 
solubility and/or bio-availability of elements within individual mineral dust particles.84,88,96,225 The 227 
complex interactions of mineral dust particles with reactive trace gases and water, and their 228 
impacts on cloud formation, are depicted in Figure 1. 229 
 230 
 231 
Figure 1. A schematic diagram of the interactions of mineral dust aerosol particles with reactive trace gases 232 
and water and their impacts on cloud formation and radiative balance. R1) chemical transformation/aging 233 
of mineral dust aerosol particles due to reactions with reactive trace gases; R2) enhanced hygroscopic 234 
growth of aged mineral dust aerosol particles; and R3) activation of mineral dust particles to cloud droplets 235 
and ice particles. 236 
 237 
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It is important to note that heterogeneous chemistry and photochemistry of mineral dust particles 238 
in the atmosphere have been summarized in several comprehensive review papers.161,171,172 It has 239 
been widely recognized that water adsorbed by mineral dust plays a central role in determining the 240 
heterogeneous reactivity and photoreactivity towards reactive trace gases in the 241 
atmosphere.137,199,226-228 In particular, a recent review paper 229 described in detail how surface 242 
adsorbed water can play a myriad of roles in the surface chemistry and can either enhance or 243 
suppress the reactivity of mineral dust particles towards reactive trace gases. For example, Figure 244 
2 shows the dependence of the uptake coefficient of N2O5, γ(N2O5), on RH (and thus surface 245 
adsorbed water) for different mineral dust particles. Even for the same trace gas, the influence of 246 
RH on the uptake kinetics can be very different for different minerals, highlighting the importance 247 
of accurate determination of water adsorption as a function of RH for a variety of different minerals 248 
that make up dust in the atmosphere. Adsorbed water can also change the reaction products and 249 
the partitioning of reaction products among different phases.229 250 
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 251 
Figure 2. Dependence of γ(N2O5) on RH for different mineral dust particles. Sources of data: illite,137 252 
Saharan dust,136 calcite,135 SiO2,139 Arizona Test Dust (ATD),137 and TiO2.138 253 
 254 
However, the interactions of mineral dust particles with water vapor at temperatures higher than 255 
that for ice nucleation has hitherto not been reviewed in the context of atmospheric chemistry and 256 
climate, despite that in the last two decades a large number of studies have been published by both 257 
the surface science and aerosol science communities. We note that a recent review paper has 258 
discussed the multi-faceted roles of surface adsorbed water in heterogeneous reactions of mineral 259 
dust particles.229 Therefore, in this article, we undertake a comprehensive review of the interactions 260 
of water with mineral dust particles. Following the Introduction section, we summarize and discuss 261 
experimental techniques used to study water adsorption properties, hygroscopicity, and CCN 262 
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activity of mineral dust particles (Section 2). In Section 3, we introduce and discuss theories used 263 
in this review to describe water adsorption in surface science and hygroscopicity and CCN activity 264 
in aerosol science, and we also describe guidelines used to compare experimental data reported in 265 
these previous studies. Following this, laboratory studies of water adsorption properties, 266 
hygroscopicity, and CCN activity of different mineral dust particles are reviewed in Section 4, in 267 
which the effects of chemical aging processes on water interaction are also discussed. We focus 268 
on mineral particles and surfaces which are of direct relevance for atmospheric chemistry and 269 
microphysics of aerosols and clouds. Therefore, water adsorption on single crystal surfaces,230-236 270 
although relevant, is not discussed in too much detail in this review. In this section, we also discuss 271 
some theoretical studies to illustrate how these studies can provide insight into the fundamental 272 
mechanisms of water adsorption on mineral surface on the molecular and sub-molecular levels. In 273 
addition, at the end of this section we also summarize results from field measurements which 274 
provide evidence that the hygroscopicity of mineral dust particles can be significantly modified 275 
due to heterogeneous reactions and cloud processing. Although ice nucleation activity of mineral 276 
dust particles has been reviewed in a few excellent recent papers,140,237-239 these papers are mainly 277 
focused on fresh mineral dust particles and only one review article 238 has briefly summarized ice 278 
nucleation activity of aged mineral dust particles. Increasing number of laboratory studies suggest 279 
that chemical aging processes can significantly change the ice nucleation activity of mineral dust 280 
particles. Thus in Section 5, recent work on the effects of chemical aging on the ice nucleation 281 
activity of dust particles is reviewed. Finally, in Section 6 we outline several key questions from a 282 
physical chemistry view which preclude us from a better understanding of the interactions of 283 
mineral dust aerosol particles with water vapor (including water adsorption, hygroscopicity, and 284 
CCN and IN activities), and discuss how these challenges can be addressed through future research. 285 
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2 An overview of sample preparation methods and experimental techniques 286 
Experimental techniques which have been used to investigate water adsorption properties, 287 
hygroscopicity, and CCN activity of mineral dust particles are briefly summarized here. Instead of 288 
providing a comprehensive discussion of each techniques, we introduce the basic principles and 289 
key features, and refer interested readers to the relevant literature for further details. These 290 
techniques can be classified into three groups which are discussed in Sections 2.2-2.4, according 291 
to the way particles under investigation exist: 1) particle ensembles or single particles deposited 292 
on a substrate; 2) levitated single particles; and 3) an ensemble of particles as an aerosol. A quick 293 
overview of these techniques is provided in Table 3 along with their key measurement features. A 294 
variety of sample preparation methods have been used in previous studies, and it has been 295 
suggested that experimental results may vary with sample preparation methods. Therefore, we first 296 
briefly discuss the effects of different particle preparation/generation methods in Section 2.1. In 297 
this review paper, we focus on techniques which have been used to quantitatively determine the 298 
amount of water adsorbed by mineral dust particles of direct atmospheric relevance. In addition, 299 
there have been a large number of studies on water adsorption on single crystals of minerals, for 300 
example, CaCO3,
211 -Al2O3,230,240 TiO2,231,232,241, and -Fe2O3.242 Although surfaces of these 301 
single crystals may not completely resemble the complexity of mineral dust particles in the 302 
troposphere, studies using well-defined single crystal surfaces can provide a wealth of fundamental 303 
information and insights into water adsorption mechanisms and intermolecular interactions 304 
between water molecules and water molecules with surface atoms. Techniques used to study the 305 
ice nucleation activity have been discussed recently 140,238,239 and thus are not covered here. 306 
 307 
Note that one shortcoming of many laboratory studies is that overly simplistic dust samples, when 308 
compared to the complex internal mixtures found in the atmosphere,243,244 158 are often utilized. 309 
For example, atmospheric mineral dust is often associate with surface coatings due to 310 
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heterogeneous reactions with reactive trace gases,158,161,202,245 but laboratory studies most often 311 
consider unprocessed particles which may be only representative of mineral dust particles freshly 312 
emitted into the troposphere. 313 
 314 
Table 3. Summary of representative literature on different experimental techniques which have been used 315 
to measure water adsorption, hygroscopicity, and CCN activity of mineral dust particles. 316 
techniques references  main features  
QCM Navea et al., 2010 246 Change in particle mass at different RH is quantified by the 
frequency change of the quartz crystal. 
TGA Gustafsson et al., 2005 247 Change in particle mass at different RH is directly measured. 
PSA Ma et al., 2010 248 Change in partial pressure of water vapor due to surface adsorption 
is measured. 
ATR-FTIR Schuttlefield et al., 2007 249 IR absorption of surface adsorbed water is measured and can be 
converted to the amount of adsorbed water. transmission FTIR Goodman et al., 2001 250 
DRIFTS Gustafsson et al., 2005 247 
AP-XPS Ketteler et al., 2007 241 Chemically specific and quantitative measurements of water and 
other species adsorbed on the surface can be achieved. 
EDB Pope et al., 2010 251 Relative change in mass of a single particle at different RH is 
determined from the change of the DC voltage used to balance the 
gravitational force. 
optical levitation Tong et al., 2011 252 Particle size change of a single particle at different RH is determined 
by light scattering. 
H-TDMA Herich et al., 2009 49 Mobility diameter change at different RH is measured. 
aerosol optical 
extinction 
Attwood and Greenslade, 
2011 253 
Change in aerosol optical extinction properties at different RH is 
measured, e.g., using an AE-CRD. 
aerosol optical 
scattering 
Li-Jones et al., 1998 254 Change in aerosol optical scattering properties at different RH is 




Utry et al., 2015 255 Change in aerosol optical scattering properties at different RH is 
measured, e.g., using a photoacoustic absorption spectrometer. 
CCNc Sullivan et al., 2010 256 Concentrations of aerosol particles activated to cloud droplets at a 
certain super-saturation are measured. 
QCM: quartz crystal microbalance. TGA: thermogravimetric analyser. PSA: physisorption analyser. ATR-317 
FTIR: attenuated total reflection Fourier transform infrared spectroscopy. DRIFTS: diffuse reflectance 318 
Fourier transform spectroscopy. AP-XPS: atmospheric pressure X-Ray photoelectron spectroscopy. EDB: 319 
electrodynamic balance. H-TDMA: hygroscopicity tandem differential mobility analyser. CCNc: cloud 320 
condensation nuclei counter. 321 
2.1 Methods used for sample preparation 322 
There are two common methods used to generate mineral dust aerosols: i) wet generation:  aerosol 323 
particles were generated by atomizing the suspension of mineral dust powders in water;139,256,257 324 
ii) dry generation: mineral dust particles are directly dispersed and entrained into the air, typically 325 
by using a high-speed air jet.136,258-260 Commercial instruments, such as rotating brusher generators 326 
134,136 and fluidized beds,220,261 are also available for dry generation of dust aerosol particles. 327 
Recent studies have shown that mineral dust particles generated by these two methods can have 328 
distinctive hygroscopicity and CCN activities,49,217,262,263 with wet-generated aerosol particles 329 
having higher hygroscopicity and CCN activities. The change of hygroscopicity and CCN 330 
activities of dust particles after wet-generation can be due to a couple of reasons: 1) soluble 331 
impurities contained by the dust particles are enriched in generated aerosol particles by wet-332 
generation, and 2) some components contained by dust particles may undergo chemical reaction 333 
in the water suspension. For example, Sullivan et al.256 suggest that the formation of Ca(HCO3)2, 334 
due to the reaction of CaCO3 with H2O and CO2, causes wet-generated CaCO3 particles to have 335 
higher CCN activity than dry-generated CaCO3. This conclusion is further supported by Zhao et 336 
al.,264 who have demonstrated that Ca(HCO3)2 particles are more hygroscopic than CaCO3 337 
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particles. We expect that similar phenomena may occur for clay mineral but less likely for 338 
relatively inert minerals such as SiO2. 339 
 340 
Compared to wet generation, dry generation produces dust aerosol particles which may better 341 
resemble the composition and thus the hygroscopicity of original powders used to generate those 342 
aerosol particles. On the other hand, dust aerosol particles can be activated to cloud droplets and 343 
undergo cloud processing several times during their residence in the troposphere,48,162,223,265-267 and 344 
dust aerosol particles produced by wet generation might better resemble the properties of dust 345 
particles which were activated cloud droplets. Thus, to summarize, dry and wet generation 346 
methods have been shown to produce aerosol particles with different hygroscopicity and CCN 347 
activity. Nevertheless, currently it is not clear which method may generate aerosol particles which 348 
better resemble dust particles in the troposphere. This is because nascent dust or cloud activated 349 
dust may be very different and therefore may best described by dry generation and wet generation 350 
techniques, respectively.    351 
 352 
To investigate water adsorption on mineral dust particles deposited on a substrate, typically a slurry 353 
of dust particles in water is deposited on the supporting substrate, leading to the formation of a 354 
relatively uniform dry film after the evaporation of water.268 Alternatively, other solvents, such as 355 
methanol or ethanol, can be used instead of water.196 In some studies 269,270 dry powders of dust 356 
were also directly placed on a substrate, without using any solvents. Whether a solvent is used 357 
during deposition of dust particles on a substrate may influence the measured water adsorption and 358 
hygroscopicity of dust particles; however, to date this has not been systematically examined. 359 
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2.2 Mineral dust particles supported on substrates 360 
2.2.1 Mass measurements of adsorbed water as a function of water vapor pressure 361 
The mass of a particle ensemble can be measured at different RH (in %) to investigate the amount 362 
of adsorbed water by using several techniques. For examples, in a quartz crystal microbalance 363 
(QCM) experiment, the measured frequency of the quartz crystal reflects the mass of particles 364 
loaded on it.249,271 The frequency change, Δf (Hz), is directly related to the change in mass, Δm, 365 
according to the Sauerbrey equation:246,249,272 366 
∆𝑓 = −𝐶𝑓∆𝑚        (2), 367 
where Cf is the constant sensitivity factor for the specific QCM and can be experimentally 368 
calibrated. Usually a slurry of dust particles in water (or other solvents, e.g., methanol) was sprayed 369 
onto the quartz crystal and then dried to form a thin film on the quartz crystal.246,273 370 
 371 
Figure 3. A schematic diagram of ATR-FTIR spectroscopy and quartz crystal microbalance (QCM). 372 
Although these measurements are integrated in time and the gas phases above the samples are at the same 373 
relative humidity, it should be noted that the ATR-FTIR cell and the QCM cell both have separate thin film 374 
samples. Reprinted with permission from ref 274. Copyright 2012 American Chemical Society. 375 
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 376 
A schematic diagram of a typical QCM set-up,274 is shown in Figure 3. The change in frequency 377 
of the quartz crystal (and thus the change in particle mass) measured at different RH, can be used 378 
to determine the amount of adsorbed water. Figure 4 shows the frequency change of a QCM (upper 379 
panel) and water adsorption isotherm (lower panel) for SiO2 particles.
273 380 
 381 
Figure 4. Water adsorption on SiO2 at different RH as measured by QCM. (a) Change in frequency of the 382 
quartz crystal at different RH; b) the number of adsorbed water layers on the surface at different RH, and 383 
the curve is the modified three-parameter BET fit reported by Goodman et al.250 Reprinted with permission 384 
from ref 273. Copyright 2007 Society for Applied Spectroscopy. 385 
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 386 
Thermogravimetric analysers can also be used to investigate water adsorption on mineral dust 387 
particles. For example, a Mettlet-Toledo TGA/SDTA851e thermogravimetric analyzer (Mettler-388 
Toledo, USA) with a mass measurement accuracy of ±1 μg, was used to measure the amount of 389 
water adsorbed on CaCO3 and Arizona Test Dust particles.
247  390 
 391 
In addition, the amount of surface adsorbed water can also be quantified by measuring the change 392 
of water vapor pressure in the gas phase due to adsorption onto the surface, using a physisorption 393 
analyser (PSA).212,248 The change in partial pressure of water vapor due to adsorption on mineral 394 
dust particles can be measured to determine the water adsorption isotherm, in a similar way to the 395 
BET surface area measurement using N2.  For example, a commercial physisorption analyser, 396 
AUTOSORB (Quantachrome, USA), was modified and used to investigate the hygroscopicity of 397 
fresh and aged Al2O3 and CaCO3 particles.
212,248 398 
 399 
These experimental techniques provide direct quantification of water adsorbed by mineral dust 400 
particles. Water may also adsorb on the apparatus wall and cause artifacts, and this effect can be 401 
subtracted by blank experiments in which no particles are used. 402 
2.2.2 FTIR measurements of water uptake 403 
Water adsorbed on mineral dust surface at different RH can be monitored by Fourier transform 404 
infrared spectroscopy (FTIR), including transmission FTIR,250 diffuse reflectance Fourier 405 
transform spectroscopy (DRIFTS),247 and attenuated total reflection Fourier transform infrared 406 
spectroscopy (ATR-FTIR).273 As shown in Figure 5, surface adsorbed water has two distinctive 407 
IR absorption peaks in the region extending from 1500 to 4000 cm-1, one near 3400 cm-1 due to 408 




Figure 5. ATR-FTIR spectra following the water uptake on 19.2 mg of SiO2 at different RHs (5, 8, 13, 20, 411 
27, 37, 47, 66, 74, and 78%). Reprinted with permission from ref 273. Copyright 2007 Society for Applied 412 
Spectroscopy. 413 
 414 
Since surface hydroxyl groups can also contribute to the O-H stretching mode, it is better to use 415 
the H2O bending mode to analyze molecularly adsorbed water on the surface. The integrated IR 416 
absorption can be used to quantify the amount of surface-adsorbed water, using a modified 417 
Lambert-Beer law and assuming that the IR absorption cross section of surface-adsorbed water is 418 
equal to that of liquid water.211,240 419 
2.2.3 Surface analysis techniques used for water uptake measurements 420 
Surface techniques can be very valuable in studying water adsorption and hygroscopicity of 421 
mineral dust particle. Some surface techniques are able to provide information on both chemical 422 
composition and morphology of the surface under investigation, though absolute quantification of 423 
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the amount of water associated with the surface may be non-trivial. Here we provide several 424 
examples to demonstrate how different surface techniques can be used to understand water 425 
adsorption and hygroscopicity of fresh and aged mineral dust particles. In addition to the 426 
techniques mentioned in this section, there are many other surface techniques which have been 427 
used to study water adsorption on single crystals including scanning probe techniques such as 428 
scanning tunneling microscopy (STM).232,276-278 429 
 430 
The transformation of solid CaCO3 particles to aqueous droplets, due to the reaction with HNO3, 431 
has been observed in the laboratory for the first time by Krueger et al.,279 using Scanning Electron 432 
Microscopy (SEM) and Energy Dispersive X-ray analysis (EDX). Two years later the atmospheric 433 
significance of this finding was supported by a field study,245 which showed that dust particles 434 
collected in Israel have been substantially processed in the atmosphere and could exist in aqueous 435 
state even at very low RH (9-11%). Transmission Electron Microscopy can also be used to monitor 436 
the morphology change of mineral dust particles. For example, using TEM, Matsuki et al.159 found 437 
that some of the Asian dust particles collected in Beijing are spherical, due to internal mixing with 438 
nitrate and sulfate. Liu et al.215 used a micro-Raman spectrometry to investigate the hygroscopicity 439 
of CaCO3 particles after exposure to NO2. They 
215 found that after the reaction, irregular CaCO3 440 
particles are converted to spherical droplets at 37% RH and the internally mixed CaCO3/Ca(NO3)2 441 
particles have the same phase transition properties as pure Ca(NO3)2 particles. 442 
 443 
Traditionally, X-Ray photoelectron spectroscopy (XPS) is a technique applied to surfaces in ultra-444 
high vacuum, limiting its application under atmospheric relevant conditions (i.e. with pressures 445 
close to 1 bar). Over the past decade, advances in atmospheric pressure XPS (AP-XPS) makes it a 446 
very promising method to investigate the interaction of gases, including water vapor, with mineral 447 
dust particles, because of its chemically specific and quantitative nature.280-284 Using this technique, 448 
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Ketteler et al.241 measured the amounts of adsorbed water and surface OH groups on TiO2(110) 449 
surface over a very large RH range, from <1×10-4 to almost 100%. In addition, they 241 found that 450 
AP-XPS can also differentiate the oxygen species (lattice O, OH, and H2O) on the surface by their 451 
difference in O1s binding energies, providing very useful information on mechanisms of water 452 
adsorption on the mineral surface. In another study,242 the coverages of surface-adsorbed water 453 
and OH groups on single crystal α-Fe2O3(0001) surface were measured as a function of RH, as 454 
shown in Figure 6. Though AP-XPS has shown large potential to quantify the amount of adsorbed 455 
water and to explore the adsorption mechanisms on a molecular and/or atomic level, to our 456 
knowledge AP-XPS has not been used to investigate the interaction of water vapor with clay 457 
mineral or authentic dust particles. 458 
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 459 
Figure 6. Coverages of surface OH groups (filled symbols) and molecularly adsorbed H2O (open symbols) 460 
on α-Fe2O3(0001) surface as a function of RH. RH is plotted on a logarithmic scale in (a) and a linear scale 461 
in (b). Measurements were carried out at different experimental conditions: black circles, varying P(water) 462 
with a constant temperature of 295 K; blue triangles, varying temperature with a constant P(water) of 0.02 463 
Torr; orange triangles, varying temperature with a constant P(water) of 0.1 Torr; red squares, varying 464 
temperature with a constant P(water) of 1 Torr; red diamonds, P(water) in the range of 1.0-2.0 Torr and 465 
temperature in the range of 277-280 K. Reprinted with permission from ref 242. Copyright 2010 American 466 
Chemical Society. 467 
 468 
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Surface vibrational spectroscopy, such as sum frequency generation (SFG), is a nonlinear and 469 
interface-specific technique to investigate the structure and dynamics of the interface.285-287 SFG 470 
has been widely used to study the liquid water-air interface under environmental conditions, and 471 
have contributed to the elucidation of environmental interfacial processes at the molecular 472 
level.234,288 Several studies also utilized SFG to investigate water adsorption on minerals, including 473 
Al2O3 and SiO2. For example, Ma et al.
289 suggested that at 35% RH, α-Al2O3(0001) surface can 474 
be described as a H-bonding network formed by molecularly adsorbed water and surface hydroxyl 475 
groups H-bonded to the adsorbed water. A further study by Liu et al.290 found that for SiO2 at 54% 476 
RH, isolated silanol OH groups were in fact the major surface species and molecularly adsorbed 477 
water only covered a limited fraction of the surface. SFG can provide invaluable insights into the 478 
mechanisms of water adsorption on mineral dust particles, though absolute quantification of the 479 
adsorbed water is non-trivial. 480 
 481 
Many surface spectroscopic methods, such as FTIR, Raman, and SFG, as discussed above, 482 
typically provide the average information of the surface under investigation. Atomic force 483 
microscopy is a technique which can provide spatial resolution down to sub-nanometres under 484 
atmospheric relevant conditions.291-294 If complemented with spectroscopic measurements, it could 485 
help elucidate the mechanisms of water adsorption on mineral dust surface.229 486 
 487 
Knudsen cell reactors are widely utilized to study the heterogeneous reactions of mineral dust 488 
particles with atmospheric reactive trace gases.151,184,295-297 They have also been used to investigate 489 
the interaction of water vapor with mineral dust.298,299 Because a Knudsen cell reactor is typically 490 
operated in the molecular flow regime (with a total pressure of less than 1 mTorr), the partial 491 
pressure of water vapor (and thus the RH) used in these experiments is very low. Therefore, these 492 
studies are less relevant for atmospheric chemistry and climate, though they can provide valuable 493 
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insights into the mechanisms of water adsorption on mineral dust. Molecular beam scattering 494 
techniques have been used to explore how gas molecules interact with surfaces of atmospheric 495 
chemistry interest,236,300-305 and if applied to study mineral dust surface, can potentially help us 496 
understand the fundamental dynamics and kinetics of water adsorption. 497 
2.3 Levitated single particle measurements 498 
Levitation of single particles avoids potential effects due to interaction of different particles and 499 
those due to contact with the substrate used to support particles. A few particle levitation 500 
techniques, such as the electrodynamic balance (EDB) and optical levitation, have been widely 501 
used to study the hygroscopicity of aerosol particles.306 Acoustic levitation is limited to particles 502 
with sizes of larger than 20 μm, which are less relevant for atmospheric aerosols; therefore, this 503 
technique is not further described here.306 In an EDB a combination of AC and DC electric fields 504 
is used to trap and levitate a charged particle,307 with typical sizes of 5 to 50 μm.306 The mass of 505 
the particle is proportional to the balancing DC voltage, and the relative change of the particle 506 
mass at different RH, usually compared to that at 0% RH, is determined from the change of the 507 
DC voltage used to balance the gravitational force.251,307 Though this technique seems to be a 508 
suitable technique to study the hygroscopic growth of mineral dust particles, to our knowledge it 509 
has not been applied to mineral dust particles yet. 510 
 511 
Optical levitation methods, e.g., optical tweezers, can routinely trap and levitate aqueous (and thus 512 
spherical) particles of 1-10 μm,252,306,308-310 limiting their applications to mineral dust particles. 513 
However, recent advances show that spherical and quasi-spherical solid particles can also be 514 
trapped for many hours.139,252,311 The size of a particle which is optically levitated can be estimated 515 
from the measured intensity of scattered light as a function of scattering angle, i.e. the phase 516 
function. Very accurate size measurements have been achieved by using optical tweezers. For 517 
example, a precision of better than 1 nm for measuring the diameter of micrometer sized droplets 518 
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has been reported, with simultaneous measurements of complex refractive indexes.312,313 However, 519 
most of the sizing techniques based on light scattering are strictly applicable to spherical particles 520 
and thus may not be suitable for mineral dust particles which are typically non-spherical. 521 
 522 
An advantage of these levitation techniques is that, in addition to online measurements of particle 523 
mass/size, several non-intrusive techniques, such as Raman spectroscopy 139,314 and fluorescence 524 
spectroscopy,315 can be used to measure the particle composition change simultaneously. 525 
Therefore, these techniques have a large potential to investigate the change of both chemical 526 
composition and hygroscopicity of single mineral dust particles due to heterogeneous reactions as 527 
a function of time. 528 
2.4 Aerosol measurements 529 
2.4.1 Hygroscopic tandem differential mobility analyzer measurements 530 
Hygroscopicity-tandem differential mobility analyzers (H-TMDA) have been widely used to 531 
investigate the hygroscopicity of aerosol particles. Comprehensive discussions of this technique 532 
have been provided elsewhere,316-319 and only a brief description is given here. In a typical H-533 
TDMA set-up, a dry aerosol flow is passed through a bipolar charger and then into the first 534 
differential mobility analyzer (DMA) which is used to produce a quasi-momodisperse aerosol flow 535 
based on mobility diameters. These size-selected particles are then humidified to a certain RH and 536 
then enter the second DMA coupled to a condensation nuclei counter (CPC) to measure the size 537 
distribution of the humidified aerosol particles. The change in aerosol particle diameters before 538 
and after humidification can be used to derive the hygroscopic growth factors. 539 
 540 
H-TDMA has been widely used to measure the hygroscopicity of mineral dust aerosol 541 
particles.49,247,260,320 However, there are a few issues related to its application to mineral dust 542 
particles: 1) dust particles are non-spherical in general, and thus it is non-trivial to interpret the 543 
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H-TDMA measurements; 2) the hygroscopicity of dust particles is relatively low, and the mobility 544 
diameter change before and after humidification may not be significant; and 3) restructuring of 545 
clay minerals may occur during humidification/dehumidification. Very recently Ardon-Dryer et 546 
al.321 used several different techniques to measure the size distribution of size-selected mineral 547 
dust aerosol particles using a DMA, and concluded that mobility size selection using a DMA 548 
usually does not yield mineral dust particles with desired physical sizes. Similar findings were also 549 
reported by Veghte and Freedman.322 550 
2.4.2 Optical properties 551 
Water adsorption by mineral dust aerosol particles may lead to change in their size (and probably 552 
also refractive indices), thus modifying the optical properties. The change in optical properties of 553 
aerosol particles, in principle, can then be used to derive their hygroscopicity.323 A variety of in-situ 554 
instruments are readily available to measure aerosol optical extinction,324,325 scattering,254,326-328 555 
and absorption.255,329 For example, light extinction properties at 532 nm were measured at different 556 
RH using a Cavity Ring-Down spectroscopy, to investigate the hygroscopicity of several clay and 557 
clay/salt aerosol particles.253 However, it is non-trivial to convert change in optical diameter at 558 
different RH to hygroscopicity for mineral dust aerosol particles, again due to the non-sphericity 559 
of dust particles. 560 
2.4.3 Cloud condensation nuclei activity 561 
Under super-saturation (i.e. RH larger than 100%) aerosol particles can be activated to cloud 562 
droplets, and the number concentration of activated particles at a given super-saturation can be 563 
measured by using cloud condensation nuclei counters (CCNc). If such an instrument is coupled 564 
to a CPC in parallel, the activation fraction, defined as the ratio of the concentration of activated 565 
particles to the total particle number concentration, can then be determined. The most widely used 566 
cloud condensation nuclei counters are commercialized by Droplet Measurement Technologies 567 
(Boulder, CO, USA), based on the original design by Roberts and Nenes.330 568 
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 569 
Details on the principle, operation, and calibration of this instrument are provided elsewhere.330-570 
333 A typical schematic diagram of the experimental set-up used by Kumar et al.262 to measure the 571 
CCN activity of aerosol particles is shown in Figure 7. A dry aerosol flow is delivered through an 572 
aerosol neutralizer and then into a DMA to produce a quasi-monodisperse aerosol particles. After 573 
that, the aerosol flow is split: one flow is delivered into a CPC to measure the total particle number 574 
concentration, and the other flow is delivered into a CCNc to measure the concentration of particles 575 




Figure 7. A schematic diagram of an experimental set-up used to determine the CCN activity of (mineral 579 
dust) aerosol particles. Reprinted with permission from ref 262. Copyright 2011 Copernicus Publications. 580 
 581 
There are usually two modes to operate a CCN counter: i) measuring the activation fraction as a 582 
function of super-saturation ratio for a given dry particle diameter to determine the critical super-583 
saturation under which 50% of the aerosol particles are activated; ii) measuring the activation 584 
fraction as a function of the dry particle diameter under a given super-saturation to determine the 585 
critical dry diameter at which 50% of the aerosol particle are activated. This information can then 586 
be used to derive the cloud condensation nucleation activity of aerosol particles. This technique 587 
has been widely used to measure the cloud condensation nucleation activities of fresh and aged 588 
mineral dust particles,46,49,256,257,259,262 significantly improving our understanding of the role of dust 589 
particles in the formation of clouds in the troposphere. Different theories used to describe the CCN 590 
activity, and the relation between hygroscopic growth under sub-saturation conditions and CCN 591 
activity under super-saturation conditions, are further discussed in more detail in Section 3. 592 
2.5 Discussion 593 
As summarized in this section, a wide range of techniques, based on different measurement 594 
principles, have been  developed to study water adsorption, hygroscopicity, and CCN activity of 595 
mineral dust particles. Experimental techniques used to investigate the hygroscopic growth of 596 
mineral dust aerosol particles are based on measurements of changes in diameter at different RH. 597 
For examples, H-TDMA measures the change in mobility diameter and AE-CRD measures the 598 
change in optical extinction properties which can then be related to particle size using Mie theory 599 
which assumes particles are spherical. Since mineral dust particles are typically non-spherical, it 600 
is non-trivial to quantify the absolute amount of water associated with aerosol particles at a given 601 
RH, though they can provide other important information, such as the dependence of particle 602 
mobility and optical properties on RH. Aerosol particle mass analyzers (usually referred to as APM 603 
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or PMA) have been widely used to classify aerosol particles based on their mass.334-338 In principle, 604 
two APM and one CPC can be combined to measure changes in the aerosol particle mass as a 605 
function as RH, in a similar way as a H-TDMA system is constructed. In brief, dry dust aerosol 606 
particles with the same mass is selected by the first APM; after that, the aerosol flow will be 607 
humidified to a given RH, and the mass distribution of the humidified dust aerosol particles will 608 
be measured by the second APM coupled to a CPC. This instrument has promising potential to 609 
quantitatively determine the mass change of mineral dust particles as a function of RH. 610 
 611 
Diameter changes of single particles trapped by optical levitation techniques at different RH are 612 
usually determined by light scattering. The non-sphericity of mineral dust particles can render the 613 
data interpretation difficult. Relative mass changes of single particles levitated in an EDB can be 614 
directly measured, regardless of the particle shape. EDB has been used to determine the amount 615 
of water adsorbed by pollen particles which are also non-spherical,339 and therefore can also be 616 
used to study water adsorption by mineral dust particles. Nevertheless, it is still unclear if the EDB 617 
is sensitive enough to detect small mass changes of dust particle due to water adsorption. 618 
 619 
FTIR based techniques have been widely used to monitor adsorbed water by mineral dust particles 620 
supported on substrates.250,268,269 Although in principle adsorbed water can be quantified by its IR 621 
absorption bands, this types of analysis typically requires several assumptions which may 622 
introduce uncertainties in quantification.249 In this aspect, techniques which can directly quantify 623 
changes in dust particle mass 247,249,271 or water vapor pressure,212,248 due to the interaction of water 624 
vapor with mineral dust, show their advantages. For techniques which use particles supported on 625 
substrates, particles are usually not size-selected and therefore it is difficult to investigate the size 626 
dependence of the amount of water associated with particles (for the same mass of dry materials, 627 
surface adsorption theories indicate that the amount of adsorbed water increases with decreasing 628 
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particle diameter while the hygroscopic growth theory implies that it is size-independent, as 629 
discussed in detail in Section 3). Many surface science techniques, though they may not 630 
quantitatively measure adosrbed water, can nevertheless provide valuable information about 631 
chemical composition, morphology, and adsorption mechanisms on the fundamental level, with 632 
some examples given in Section 2.2.3. 633 
 634 
For CCN activity measurements, it is critical to accurately determine the dry particle diameters. 635 
Typically a DMA is used to classify aerosol particles based on their mobility. The mobility 636 
diameter is not necessarily equivalent to the geometrical diameter for dust particles, due to their 637 
non-sphericity. This has also been supported by experimental work,321,322 showing that mobility 638 
size selection using a DMA usually does not generate mineral dust particles with desired physical 639 
sizes. Additionally, after passing through the aerosol neutralizer, dry-generated dust aerosol 640 
particles may consist of a substantial fraction of multiply charged particls which in fact have larger 641 
diameters and can be activated to cloud droplets at lower supersaturation, compared to single 642 
charged particles. Both factors can lead to biases in the reported CCN activity,259 and therefore 643 
charge and shape corrections should be applied in determining the CCN activity of mineral dust 644 
particles. 645 
3 Introduction of different theories 646 
Several different theories have been developed to describe the partitioning of water between the 647 
gas phase and mineral dust particles under both sub- and super-saturation conditions with respect 648 
to liquid water. Most widely used theories are introduced in this section. These theories can be 649 
generally classified to two groups, with one originating from surface science and surface chemistry 650 
and the other one developed for atmospheric aerosol science. 651 
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3.1 Theories and models used to describe sub-saturation conditions 652 
Several different models are available to describe the amount of the absorbate adsorbed at different 653 
partial pressures.340-342 In this review, water is the adsorbate and it partial pressure is expressed as 654 
RH instead, and mineral dust particles (or their surfaces) are the adsorbents. Among adsorption 655 
models, the Langmuir adsorption isotherm model 341-343 is the first and probably the most widely 656 
used adsorption theory, but its application is limited to adsorption below one monolayer. Therefore, 657 
it is not suitable to describe water adsorption on mineral dust particles at high RH and thus no 658 
further discussion on the Langmuir adsorption isotherm is provided here. 659 
3.1.1 Brunauer-Emmet-Teller adsorption isotherm model 660 
The Brunauer-Emmett-Teller (BET) adsorption isotherm  341,342,344 can be used to describe water 661 




        (3), 663 
where θ is the surface coverage of adsorbed water, and c is a constant related to the enthalpy of 664 
desorption, ΔdesHo (kJ K-1): 665 
𝑐 = exp⁡[(∆𝑑𝑒𝑠𝐻
𝑜 − ∆𝑣𝑎𝑝𝐻
𝑜)/𝑅𝑇]        (4), 666 
where R is the gas constant (8.314 J mol-1 K-1), T is the temperature (K), and ΔvapHo is the standard 667 
enthalpy of water evaporation (kJ K-1). For the adsorption of water on mineral dust, c is usually 668 
found to be >1, suggesting that ΔdesHo is larger than ΔvapHo.250 669 
 670 
It has been found that in many cases that the BET equation, Eq. (3), may overestimate the surface 671 
coverage of adsorbed water (θ) at high RH. Therefore, by introducing the third parameter, n, a 672 
modified three-parameter BET equation has been proposed to describe the water adsorption on 673 







        (5). 675 
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Goodman et al.250 found that the three-parameter BET equation could fit fairly well the water 676 
adsorption on several different mineral dust particles for RH ranging from ~0% to >90%. They 250 677 
also described in details how to derive c and n from experimentally measured θ as a function of 678 
RH, using Eq. (5). Ma et al.269 also suggsted that the three-parameter BET equations can fit well 679 
water adsorption on five different oxides which they investigated, as shown in Figure 8. 680 
 681 
Figure 8. Water adsorption on SiO2, TiO2, MgO, α-Al2O3, and Fe2O3 as a function of RH at 30 oC. Cirlces 682 
represent experimental data and curves represent corresponding fitted three-parameter BET isotherms. 683 
Relative humidities under which a monolayer of adsorbed water is formed are given in the figure for each 684 
minerals. Reprinted with permission from ref 269. Copyright 2011 Elsevier. 685 
3.1.2 Freundlich adsorption isotherm model 686 
The Freundlich adsorption isotherm expresses the mass ratio of the adsorbed water to the dry 687 
mineral dust particles as a function of partial pressure or RH:346,347 688 
𝑚(𝑤𝑎𝑡𝑒𝑟)
𝑚(𝑚𝑖𝑛𝑒𝑟𝑎𝑙)
= 𝐴𝐹 ∙ √𝑅𝐻
𝐵𝐹
        (6), 689 
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where m(water) and m(mineral) are the mass of adsorbed water and dry mineral dust particles, and 690 
AF and BF are the empirical Freundlich constants which represent the adsorption capacity and 691 







        (7), 693 
Therefore, simple linear regression of the natural logarithm of the mass ratio (of adsorbed water 694 
to dry dust particles) versus the natural logarithm of RH can be used to derive AF and BF. 695 
 696 
Figure 9. Measured and modeled water adsorption (represented by the mass ratio of adsorbed water to dry 697 
mineral) at 298 K as a function of RH on (a) kaolinite, (b) illite, and (c) montmorillonite. The insets 698 
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represent the data fitted to the linear form of the Freundlich adsorption isotherm, i.e. Eq. (7). Reprinted with 699 
permission from ref 268. Copyright 2011 American Chemical Society. 700 
 701 
Hatch et al.268 measured water adsorption on illite, kaolinite, and montmorillorite particles, and 702 
fitted these experimenrtal results using the Freundlich adsorption isotherm, as shown in Figure 9. 703 
It was suggested that compared to the two-parameter BET adsorption isotherm, the Freundlich 704 
adsorption isotherm can better describe water adsorption by these three clay minerals they 705 
investigated.268 706 
3.1.3 Frenkel-Halsey-Hill adsorption isotherm model 707 
The Frenkel-Halsey-Hill (FHH) isotherm uses a two-parameter equation to describe RH as a 708 
function of surface coverage of adsorbed water, θ: 709 
𝑅𝐻 = exp⁡(−𝐴𝐹𝐻𝐻 ∙ 𝜃
−𝐵𝐹𝐻𝐻)      (8), 710 
where AFHH and BFHH are empirical parameters.
341,348 AFHH describes interactions between the 711 
surface and first adsorbed water layer and interactions between adjacent adsorbed water molecules. 712 
Therefore, it governs the overall extent of water coverage, and higher AFHH values suggest that 713 
more water may be adsorbed. BFHH describes interactions between the surface and subsequent 714 
adsorbed water layers. Smaller BFHH values mean that attractive forces function over a longer 715 
distance from the particle surface. As a result, BFHH significantly influences the shape of the 716 
adsorption isotherm, especially at high RH. Consequently, CCN activation described by the FHH 717 
activation theory is predominantly determined by the magnitude of BFHH,
47,52 and this will be 718 
further discussed in Section 3.2.2. 719 
 720 
Eq. (8) can be rearranged to 721 
ln[−ln(𝑅𝐻)] = 𝑙𝑛𝐴𝐹𝐻𝐻 − 𝐵𝐹𝐻𝐻 ∙ ln⁡(𝜃)        (9). 722 
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As shown in Eq. (9), AFHH and BFHH can be derived from linear regression of ln[-ln(RH)] versus 723 
ln(θ). We can also describe the surface coverage of adsorbed water as a function of RH by 724 





        (10). 726 
3.1.4 Hygroscopic growth theory 727 
The change of the diameter of a particle at elevated RH due to adsorption of water, called 728 












        (12), 732 
where GF is the growth factor, defined as the ratio of the diameter of a particle at a given RH to 733 
that of the dry particle (Dd).
169 The second term in the right part of Eq. (11), exp(AKelvin/Dd∙GF), is 734 
due to the Kelvin effect, referring to the increase of vapor pressure on a curved surface of the 735 
particle, relative to that for a flat surface. AKelvin is a constant which describes the Kelvin effect, 736 
depending on the surface tension (σ), density (ρw) and molar mass (Mw) of water, and temperature. 737 
AKelvin is equal to 2.1×10
-9 m for a surface tension of 0.072 J m-2 (pure water) and temperature of 738 
298.15 K.217 739 
 740 





        (13). 743 
Eq. (13) can then be rearranged to express GF as a function of RH: 744 




        (14). 745 
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Calculations show that the difference between calculated GF at 90% using Eq. (11) (i.e. taking 746 
into account the Kelvin effect) and that using Eq. (14) (i.e. neglecting the Kelvin effect) is 747 
negligible for particles with dry diameters larger than 100 nm. As a result, in this review for 748 
simplicity, Eq. (14) is used to calculate hygroscopic growth factors and thus also amounts of 749 
adsorbed water at different RH for mineral dust particles. 750 










        (15). 752 
where Dd and D are the diameters of the dry particle and the wet particle. Dw is the average diameter 753 
of a water molecule adsorbed on the particle surface. Dw is sometimes assumed to be 0.275 754 
nm,47,349 meaning that a water molecule adsorbed on mineral dust surface occupies an area of 755 
5.9×10-16 cm2. Al-Abadleh et al.211 assumes that the hydroxylated CaCO3 surface can 756 
accommodate 1×1015 water molecules per cm2, i.e. a water molecule adsorbed on the surface 757 
occupies an area of 1×10-15 cm2 (or 0.1 nm2), corresponding to Dw of 0.36 nm. In this paper, the 758 
diameter of one water molecule adsorbed on a mineral dust particle is always assumed to be 759 
0.36 nm. 760 
3.1.5 Discussion 761 
There is a fundamental difference between adsorption theories originating from surface science 762 
and hygroscopicity theories used to describe the interaction of water vapor with mineral particles 763 
under sub-saturation conditions. All adsorption theories assume that at given RH and T, the amount 764 
of water adsorbed by mineral particles is proportional to the total surface area; therefore, for the 765 
same amount (mass or volume) of dry material, the amount of water adsorbed by mineral particles 766 
increase with decreasing average particle diameter. On the other hand, hygroscopicity theories 767 
assume that the amount of water is proportional to the volume of solute, and thus for the same 768 
amount of dry material, the amount of water associated with mineral dust is independent of particle 769 
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diameter, if the Kelvin effect is negligible. This difference can make direct comparison of some 770 
experimental measurements difficult, and this issue will be discussed further in Section 3.3. 771 
3.2 Theories and models used to describe super-saturation conditions 772 
3.2.1 κ-Köhler activation theory 773 
The saturation ratio of water vapor, S, in equilibrium with an aqueous droplet, can be describe by 774 
the Köhler theory,350 which takes into account the effects of both water activity and surface 775 
curvature: 776 
𝑆 = 𝑎𝑤 ∙ exp⁡(
𝐴𝜅
𝐷
)        (16), 777 
where aw is the water activity, and D is the droplet diameter, and AKelvin is defined in Eq. (12). In 778 
fact the definition of S is the same as RH, as shown in Eq. (1). However, to keep consistent with 779 
conventional terminology, S is used for super-saturation conditions and RH is used for sub-780 
saturation conditions. The single hygroscopicity parameter, κ, links water activity (aw), the volume 781 




= 1 + 𝜅
𝑉𝑠
𝑉𝑤
        (17), 783 
As shown by Petters and Kreidenweis (2007),169 inserting Eq. (17) into Eq. (16) and converting 784 








)        (18). 786 
 787 
The critical saturation for a dry particle, Sc, is defined as the saturation above which the particle is 788 
activated to a cloud droplet. The critical super-saturation, sc, which is equal to Sc-1, is more widely 789 
used in describing cloud condensation nucleation. For a particle with given dry diameter and 790 
hygroscopicity, Sc (and thus sc) can be calculated from the maximum of the κ-Köhler curve, i.e. 791 
Eq. (18). Three κ-Köhler curves, for particles with a dry diameter of 50 nm and different 792 
hygroscopicity, are plotted in Figure 10 as examples. The maxima of s, i.e., sc, are 0.47%, 1.03%, 793 
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and 2.46% for 50 nm particles with κ values of 0.5, 0.1, and 0.01, respectively. If the 794 
supersaturation ratio in the ambient air is larger than the sc for a given particle, this particle will be 795 
activated to a cloud droplet.  796 
 797 
Figure 10. Calculated super-saturations as a function of the diameter of aqueous particles with a dry 798 
diameter of 50 nm and different hygroscopicity (κ is equal to 0.5, 0.1, and 0.01, respectively), using Eq. 799 
(18). Note that super-saturation (s) instead of saturation (S), is plotted. 800 
 801 
The same procedure can be applied to a wide range of Dd and κ to calculate corresponding sc, and 802 
a look-up table for sc as a function of Dd and κ can then be produced. The critical super-saturation, 803 
sc, for momodisperse aerosol particles with a dry diameter of Dd, or alternatively the critical 804 
diameter of polydisperse aerosol particles for a gievn super-saturation, can be measured using the 805 
procedure described in Section 2.3.3. Corresponding κ values can then be derived from sc and Dd, 806 
using the look-up table. 807 
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3.2.2 Frenkel-Halsey-Hill adsorption activation theory 808 
The FHH adsorption activation theory 349 describes the activity of adsorbed water on the surface 809 
of insoluble particles: 810 
𝑎𝑤 = exp⁡[−𝐴𝐹𝐻𝐻 ∙ 𝜃
−𝐵𝐹𝐻𝐻]      (19), 811 
where θ is the surface coverage of water, and AFHH and BFHH are empirical parameters which are 812 
described in Eq. (8). Inserting Eq. (19) into Eq. (16) gives 813 
𝑆 = exp⁡[−𝐴𝐹𝐻𝐻 ∙ 𝜃
−𝐵𝐹𝐻𝐻] ⁡ ∙ exp⁡(
𝐴𝜅
𝐷𝑑
)        (20). 814 
AFHH and BFHH can be derived from to the fit to the sc-Dd data, as detailed by Kumar et al.
52 815 
 816 
AFFH and BFHH vary with different compounds. Typically, AFHH ranges from 0.1 to 3.0, and BFHH 817 
ranges from 0.5 to 3.0.349 If the dry diameter, AFHH and BFHH are known for a particle, the critical 818 
super-saturation can be calculated from the maximum of its FHH adsorption activation curve. 819 
Three FHH curves for BFHH values of 0.7, 0.8, and 0.9 (all with an AFHH value of 0.3) are shown in 820 
Figure 11, and have sc values of ~0.26%, ~0.62%, and ~0.89%, respectively. If the supersaturation 821 
ratio in the ambient air is larger than the sc for a given particle, this particle will be activated to a 822 
cloud droplet.  823 
 824 
If BFHH is small enough, the activation curve may never reach a maximum but instead asymptotes 825 
to a negative value, -s∞. Two FHH curves with BFHH values of 0.5 and 0.6 (and AFHH is 0.3 for both 826 
cases), are shown in Figure 11 for illustration. The asymptotic value of s at very large Dp 827 
determines if this particle will be activated:47 if it is smaller than 0, the particle can be 828 
spontaneously activated at RH less than 100%; otherwise, the particle will never be activated (i.e. 829 
always in stable equilibrium with the environment). However, such observations have not been 830 
reported yet, shedding doubt on its atmospheric relevance. 831 
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 832 
Figure 11. Calculated super-saturations as a function of the diameter of a wet particle, here for a dry 833 
diameter of 100 nm, using Eq. (20). AFHH is assumed to be 0.3, and BFHH are assumed to be 0.5, 0.6, 0.7, 834 
0.8, and 0.9, respectively. Note that super-saturation (s) instead of saturation (S), is plotted. 835 
 836 
The two empirical FHH parameters, AFHH and BFHH, can be determined by measuring the surface 837 
coverage (θ) of adsorbed water as a function of RH under sub-saturation conditions, as discussed 838 
in Section 3.1.3. Alternatively, they can also be determined by measuring critical super-saturation 839 
as a function of particle diameter under super-saturation conditions.262,263 840 
 841 
Activity of adsorbed water can also be described by other water adsorption isotherms (e.g., the 842 
BET adsorption isotherm), and corresponding adsorption activation theories, analogous to Eq. (20), 843 
can be subsequently derived. For example, the BET adsorption activation theory has been 844 
developed and applied to describe cloud activation of black carbon particles.352 To our knowledge, 845 
this theory has not been used to describe cloud activation of mineral dust particles, and therefore 846 
it is not discussed further in this review. 847 
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3.2.3 Discussion 848 
It has been shown that both κ-Köhler and FHH theories are superior to the original Köhler theory, 849 
at the expense of increased complexity, since they can account for the hygroscopic content of 850 
mineral dust.47,52,217 Differences do exist between these two methods. As noted by Kumar et al,47,52 851 
using FHH theory changes the maximum super-saturations and cloud droplet number with respect 852 
to aerosol variations, compared to the κ-Köhler theory. This is because when compared to the κ-853 
Köhler theory, the FHH activation theory requires less water uptake to reach a critical diameter. 854 
This is further illustrated by Figure 12, displaying the κ-Köhler and FHH activation curves for a 855 
particles with a dry diameter of 100 nm. Both theories suggest that the particle will be activated at 856 
a super-saturation of ~0.88%. However, the predicted wet particle diameters when super-saturation 857 
is equal to sc are different, with 150 nm predicted by the FHH activation theory and 174 nm 858 
predicted by the κ-Köhler theory. As a result, compared to the κ-Köhler theory, the FHH activation 859 
theory requires less water uptake for the particle to be activated. 860 
 861 
In addition, the two theories suggest different dependence of sc on Dd, as shown in Figure 12. Both 862 
theories suggest that a particle with a dry diameter of 100 nm has the same sc. Compared to the κ-863 
Köhler theory, the FHH activation theory predicts that particles with Dd <100 nm will be activated 864 
at smaller sc while they have larger sc for Dd >100 nm. 865 
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 866 
Figure 12. Comparison of κ-Köhler (κ = 0.014) and FHH (AFHH = 0.3, BFHH = 0.9) activation theories. 867 
Values of κ, AFHH, and BFHH are chosen in such a way that both theories predict that a particle with a dry 868 
diameter (Dd) of 100 nm will have a sc of ~0.88%. (a) Predicted sc as a function of Dd by κ-Köhler (solid 869 
black curve) and FHH (blue squares) activation theories. (b) Calculated activation curves for a particle with 870 
a dry diameter of 100 nm by κ-Köhler (solid black curve) and FHH (dashed blue curve) activation theories. 871 
 872 
A recent study suggests that the κ-Köhler activation theory provides a better fit to laboratory data 873 
with slightly less complexity of calculation.259 Nevertheless, it still remains under debate which 874 
theory can better describe the activation of cloud droplets by mineral dust particles. 875 
3.3 Suggested guidelines used for data comparison 876 
The amounts of water adsorbed or condensed on mineral dust particles are reported in different 877 




i) Under super-saturation conditions the single hygroscopic parameter, κ, is usually reported. Using 881 
Eq. (14), reported κ values can be converted to the hygroscopic growth factors, which are directly 882 
measured by H-TDMA under sub-saturation conditions. 883 
 884 
ii) The change in particle diameters due to hygroscopic growth, calculated from measured κ values 885 
or directly measured by H-TDMA, can be converted to the surface coverage (θ) of adsorbed water, 886 
using Eq. (15). Usage of Eq. (15) requires the knowledge of dry particle diameter. In this review, 887 
three different dry particle diameters, i.e. 500, 1000, and 2000 nm, are used when we convert 888 
hygroscopic growth factors to surface coverages, θ, using Eq. (15). The dry particle diameter (Dd) 889 
and the hygroscopic growth factor at a given RH can be used to calculate the wet particle diameter 890 
(D) at this RH, and the number of monolayers (i.e. surface coverage) of adsorbed water is 891 
approximately equal to (Dd-D)/Dw, where Dw is the average diameter of the adsorbed water 892 
molecules. We choose these three diameters because they may reasonably represent the size range 893 
of tropospheric dust particles after long range transport. According to Eq. (15), the calculated θ is 894 
proportional to the dry particle diameter used in the calculation. Therefore, large uncertianties may 895 
occur when converting hygroscopic growth factors to θ, making data comparison difficult. For 896 
example, for the same hygroscopic growth factor, the calculated θ using a dry particle diameter of 897 
1000 nm will be twice as large as that using a dry particle diameter of 500 nm. In some CCN 898 
activity measurements the two FHH parameters (instead of κ values) are reported;262,263 in this case, 899 
the surface coverage of adsorbed water at different RH can be directly calculated using Eq. (10). 900 
 901 
iii) If the mass ratio of adsorbed water to dry mineral particle is reported, the surface coverage (θ) 902 







        (21), 904 
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where m(water) and m(mineral) are the masses (g) of adsorbed water and dry mineral, Mm(water) 905 
is the molar mass of water (g mol-1), NA is the Avogadro constant (6.02×10
23 mol-1), A(water) is 906 
the average surface area of one adsorbed water molecule (1×10-15 cm2), and ABET is the BET area 907 
(cm2 g-1) of the mineral. 908 
 909 
It should be emphasized that large uncertainties may occur when we convert reported data in other 910 
units to θ. The largest uncertainties may come from i) converting hygroscopic growth factors, 911 
either directly measured by using H-TDMA or calculated from κ values determined by CCN 912 
activity measurements, to surface coverages of adsorbed water, and ii) the nonsphericity (and 913 
probably also porosity) of mineral particles. In this review it is always assumed that the mass-, 914 
volume-, and surface area-equivalent diameters are equal to mobility diameters. However, this is 915 
a clear oversimplification and will inherently yield some uncertainty for mineral dust particles 916 
which are typically non-spherical.353 917 
4 Water adsorption properties, hygroscopicity, and CCN activity of fresh and 918 
aged mineral dust particles 919 
In this section, the interaction of water vapor with different components of mineral dust particles 920 
under both sub-saturation and super-saturation conditions are reviewed. Mineral dust particles 921 
covered in this section include calcium carbonate (CaCO3, usually in the form of calcite), Arizona 922 
Test Dust, illite, kaolinite, montmorillonite, quartz, several metal oxides (TiO2, Al2O3, and Fe2O3), 923 
and authentic desert dust samples. Laboratory studies on the effects of atmospheric aging through 924 
heterogeneous processes are also reviewed. We also discuss some theoretical studies on water 925 
adsorption on mineral dust surfaces. After that, we summarize some field measurements that have 926 
provided evidence that chemical transformation in the atmosphere could change the interaction of 927 
mineral dust particles with water vapor. A brief summary is then provided to conclude this section. 928 
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4.1 Calcium carbonate 929 
With respect to the interaction with water vapor, calcium carbonate (CaCO3), usually in the form 930 
of calcite, is the most widely investigated component of mineral dust particles. We first review the 931 
interactions of water vapor with fresh CaCO3, and then discuss the effects of chemical aging on 932 
these interactions. 933 
4.1.1 Fresh CaCO3 particles 934 
As shown in Table 4, the interaction of fresh CaCO3 particles with water vapor has been 935 
investigated under both sub-saturation and super-saturation conditions by a number of studies. 936 
 937 
Table 4. Water adsorption, hygroscopicity, and CCN activity of fresh CaCO3 particles: summary of 938 
previous studies. 939 
references techniques aerosol generation method 
Al-Hosney et al., 2005 354 ATR-FTIR not applicable 
Gustafsson et al., 2005 247 DRIFTS, TGA, and H-TDMA wet generation 
Gibson et al., 2006 355 H-TDMA and CCNc wet generation 
Gibson et al., 2007 257 CCNc wet generation 
Schuttlefield, 2008 356 QCM not applicable 
Hatch et al., 2008 216 QCM and CCNc wet generation 
Sullivan et al., 2010 256 CCNc wet and dry generation 
Zhao et al., 2010 264 H-TDMA and CCNc see text for details 
Kumar et al., 2011 262 CCNc dry generation 
Kumar et al., 2011 263 CCNc wet generation 
Gierlus et al., 2012 218 CCNc wet generation 
Ma et al., 2012 212 PSA not applicable 
Tang et al., 2015 357 CCNc dry generation 
 940 
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Al-Hosney et al.354 investigated water adsorption on CaCO3 particles at different RH, using ATR-941 
FTIR, and observed that the bending (ca. 1646 cm-1) and stretching (3000-3700 cm-1) modes of 942 
adsorbed water both increase with RH. However, absolute amounts of adsorbed water was not 943 
reported.354 DRIFTS was used by Gustafsson et al.247 to study the water adsorption on CaCO3 944 
particles (BET surface area: 17.8 m2 g-1), and they found that 1 and 4.5 monolayers of adsorbed 945 
water is formed at ~55% and 80% RH, respectively. The same study 247 also measured the 946 
hygroscopic growth of wet-generated CaCO3 particles at different RH using a H-TDMA, and 947 
suggested that the relative change of mobility diameters can be described by the following equation: 948 
𝐷
𝐷0
= (1 − 𝑅𝐻)−0.073     (22). 949 
It should be noted that CaCO3 aerosol particles used by Gustafsson et al.
247 are polydisperse, with 950 
a first mode at 40 nm and a second mode at 250 nm. Gibson et al.355 also used a H-TDMA to 951 
measure the hygroscopic growth of 100 nm wet-generated CaCO3 particles, and found that the 952 
hygroscopic growth factor can be described by an average value of 1.00±0.02 over the entire RH 953 
range (0-85%), i.e. the hygroscopic growth of CaCO3 particles is not significant within the 954 
experimental uncertainties. 955 
  956 
Ma et al.212 measured the amount of water adsorbed on CaCO3 (BET area: 0.6 m
2 g-1) at 278 K 957 
using a physisorption analyser. They 212 reported that there is one monolayer of adsorbed water 958 
formed on the surface at 52% RH, increasing to ~2 layers at 90% RH and ~7 layers at 95% RH. 959 
Hatch et al.216 showed that the mass of adsorbed water on CaCO3 particles (BET surface area: 10.1 960 
m2 g-1) is equal to ~8% of the mass of dry CaCO3 particles at 78% RH, corresponding to 961 
approximately 3 monolayers of water. The amount of water adsorbed on CaCO3 particles at 962 
different RH was also measured by Schuttlefield et al.,356 using a QCM. 963 
  964 
 49 
Wet-generated CaCO3 particles were reported to have κ values of  ~0.043 by Gibson et al.,355  965 
0.0110±0.0015 by Gibson et al.,257 ~0.005 by Hatch et al.,216 and 0.0070±0.0017 by Gierlus et 966 
al.218 from CCN activity measurements. The CCN activity of dry generated CaCO3 particles was 967 
studied by Sullivan et al.217 and Tang et al.,357 with reported κ values of 0.0008-0.0018 217 and 968 
0.001-0.003.357 Zhao et al.264 developed a novel method to produce dry CaCO3 particles, by 969 
transforming Ca(HCO3)2 aerosol particles to CaCO3 particles via thermal decomposition in a tube 970 
furnace. They reported a mobility diameter growth factor of 1.01 at 95% RH (corresponding to κ 971 
values of 0.0016±0.004) using a H-TDMA and κ values of 0.0019±0.0007 using a CCNc.264 972 
Kumar et al.262 also investigated the CCN activity of dry-generated CaCO3 aerosol particles, and 973 
they suggested the activation of CaCO3 particles can be better described by the FHH activation 974 
theory, with AFHH of 3.00±0.04 and BFHH of 1.30±0.03. 975 
 976 
As summarized above, the CCN activities of CaCO3 aerosol particles were measured by several 977 
previous studies. For dry generated CaCO3 particles, different studies reported very similar CCN 978 
activities, with measured κ values of ~0.002.256,264,357 The CCN activity of wet generated CaCO3 979 
aerosol particles is significantly higher.216,218,257,355 The difference in the measured CCN activities 980 
of dry and wet generated CaCO3 particles has been investigated,
256,262,263 and it has been concluded 981 
that wet generation of CaCO3 aerosol particles will lead to higher CCN activities.  982 
 983 
Using the data comparison guideline discussed in Section 3.3, a κ value of 0.002 means that the 984 
hygroscopic growth factors are 1.003, 1.006, and 1.013 at RH of 80%, 90%, and 95%. This shows 985 
excellent agreement with H-TDMA measured hygroscopic growth factors  reported by the two 986 
previous studies (1.00±0.01 for RH <85% 355 and 1.01 at 95% RH 264). 987 
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 988 
Figure 13. Comparison of measured surface coverages (θ) of adsorbed water on CaCO3 particles reported 989 
by previous studies. Squares: Gustafsson et al.;247 diamonds: Hatch et al.;216 circles: Schuttlefield et al.;356 990 
triangles: Ma et al.;212 dashed red curve: calculated using the two FHH parameters reported by Kumar et 991 
al.262 In addition, an avearge κ values of 0.002 is used to calculated θ using Eq. (14-15) with assumed dry 992 
particle diameters of 500 (solid black curve), 1000 (dashed green curve), and 2000 nm (solid green curve). 993 
 994 
Surface coverages of adsorbed water, measured by the four previous studies using particles 995 
deposited on some substrates,212,216,247,356 are plotted in Figure 13 for comparison. Reasonably 996 
good agreement is found between these four different studies, as shown in Figure 13. However, 997 
discrepancies do also occur. For example, Gustafsson et al.247 and Schuttlefield et al.356 suggested 998 
that 4.5 and ~12 monolayers, respectively, of adsorbed water are formed at 80% RH, while Ma et 999 
al.212 found that only ~2 monolayers of adsorbed water are formed at ~90% RH. Surface coverages 1000 
of adsorbed water can be calculated using the two FHH parameters reported by Kumar et al.262 As 1001 
shown by the dashed red curve in Figure 13, the calculated θ fall into the range of those measured 1002 
using particles deposited on substrates. We further calculate θ using an average κ value of 0.002 1003 
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for CaCO3, with assumed dry particle diameters of 500, 1000, and 2000 nm, respectively. The 1004 
calculated θ are within the same order of magnitude as those directly measured. Considering 1005 
measurement uncertainties and more importantly, uncertainties related to assumptions used in 1006 
converting reported κ values into surface coverage (as discussed in Section 3.3), these studies show 1007 
reasonably good agreement. 1008 
 1009 
There are also a few studies which may not be directly relevant for atmospheric interest but can 1010 
provide fundamental insight into the mechanisms of water adsorption on CaCO3. For example, 1011 
Neagle and Rochester 358 measured the mass of calcite samples at different temperatures and found 1012 
that a cumulative loss of particle mass by 5.2% when increasing temperature from 273 K to 873 1013 
K. Synchrotron X-ray reflectivity was used to measure the thickness of water adsorbed on single 1014 
crystal CaCO3 surface (1014) at different RH by Bohr et al.,
359 and they found that the adsorbed 1015 
water was constant in thickness (1.55±0.1 nm) while RH was varied from <4% to 90%. The result 1016 
reported by Bohr et al.359 appears to disagree with several other studies which suggest that the 1017 
amount of adsorbed water on CaCO3 significantly increases with RH. The discrepancy may be due 1018 
to the fact that much less defect sites were present on the single crystals used by Bohr et al.359 1019 
 1020 
Most of the aforementioned studies on water adsorption by CaCO3 used techniques which provide 1021 
information on the average ensemble for the surfaces under investigation, AFM can achieve spatial 1022 
resolution down to sub-nanometer. AFM has been widely used to study calcite surfaces in dry and 1023 
humid environments,292,360-362 revealing that calcite surface is very dynamic and complex in the 1024 
presence of water vapor. More recently, alternating current AFM height images combined with 1025 
force measurements and phase imaging were used by Baltrusaitis and Grassian 291 to examine 1026 
surface structure and chemistry of calcite (1014) surface at 70% for a total period of ~ 3h and at 1027 
278 and 296 K. They 291 found that calcite surfaces under ambient conditions are complex and 1028 
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inhomogeneous in terms of surface composition and phases, containing regions with very different 1029 
water contents. Therefore, the heterogeneous reactivity of the surface will also be spatially 1030 
controlled and inhomogeneous,291 though this complication has not been considered or understood. 1031 
4.1.2 Effect of chemical aging    1032 
As summarized in Table 5, a number of previous laboratory studies have examined the change in 1033 
water adsorption, hygroscopicity, and CCN activity of CaCO3 particles, using different 1034 
experimental techniques and methods to produce aged dust particles.   1035 
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Table 5. Laboratory studies on the effects of chemical aging processes on water adsorption, hygroscopicity, CCN activity of CaCO3 particles: 1036 
summary of previous studies 1037 
references techniques particle aging methods  major findings 
Krueger et al., 
2003 214 
SEM-EDX Particles deposited on supporting substrates 
were exposed to HNO3(g) at different RH. 
Exposure to 26 ppbv HNO3 at (41±1)% RH only for 1 hour will change 
irregular CaCO3 particles to spherical aqueous droplets. 
Al-Abadleh et al., 
2003 363 
FTIR CaCO3 single crystals were exposed to HNO3(g) 
at different RH. 
CaCO3(104) and CaCO3(110) surfaces exposed to 100 mTorr HNO3 at 
23% RH have similar deliquescence relative humidities as amorphous 
Ca(NO3)2 particles. 
Gibson et al., 
2007 257 
CCNc Internally mixed CaCO3/Ca(NO3)2 aerosol 
particles were generated by atomizing 
CaCO3/Ca(NO3)2/H2O mixture. 
Internally mixed CaCO3/Ca(NO3)2 particles show much higher CCN 
activities than CaCO3 particles, and the enhancement increases with the 
ratio of Ca(NO3)2 to CaCO3 in the particles. 
Hatch et al., 2008 
216 
QCM and CCNc Aged CaCO3 particles were generated by 
atomizing CaCO3/H2O mixtures containing 
humic acid sodium salt or fulvic acid. 
CaCO3 particles internally mixed with humic acid sodium salt and 
Suwannee River fulvic acid adsorb significantly larger amounts of water, 
compared to fresh CaCO3 particles. 
Liu et al., 2008 215 micro Raman 
spectrometry 
CaCO3 particles on supporting surface were 
exposed to NO2 at different RH. 
After exposure to 100 ppmv NO2 for 50 min at 37% RH, CaCO3 particles 
have much higher hygroscopicity compared to fresh particles, and they 
exhibit the same phase transition behavior as pure Ca(NO3)2 particles. 
Sullivan et al., 
2009 258 
CCNc Monodisperse CaCO3 aerosol particles were 
exposed to gaseous HNO3 in an aerosol flow 
tube at different RH. 
Exposure to HNO3 can increase the CCN activity of CaCO3 particles 
from κ = ~0.002 to κ = ~0.1 very quickly. A comparison of different 
calcium-containing minerals shows a range of CCN activities. 
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Gierlus et al., 
2012 218 
CCNc Internally mixed CaCO3 particles were 
generated by atomizing CaCO3/H2C2O4/H2O 
mixture. 
Internally mixed CaCO3/CaC2O4 particles only have slightly higher CCN 
activity, compared to fresh CaCO3 particles. 
Ma et al., 2012 212 PSA CaCO3 particles on supporting surface were 
exposed to gaseous CH3COOH at different RH. 
Reaction with CH3COOH can significantly enhance the amount of water 
adsorbed by CaCO3 particles. 
Tang et al., 2015 
357 
CCNc Monodisperse CaCO3 aerosol particles were 
exposed to N2O5 in an aerosol flow tube at 0% 
RH.  
Exposure of CaCO3 aerosol particles to N2O5 (~550 to 15000 ppbv∙s) at 
0% RH increases their κ values from 0.001-0.003 to 0.02-0.04. 
 1038 
  1039 
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Phase transformation of solid dust particles to liquid droplets, i.e. significant change in 1040 
hygroscopicity, due to heterogeneous chemistry, was first reported by Krueger et al.,214 using 1041 
Scanning Electron Microscopy. It is found that exposure to 26 ppbv HNO3 at (41±1)% RH only 1042 
for 1 hour will change irregular CaCO3 particles to spherical aqueous droplets.
214 Similar phase 1043 
change of CaCO3 particles was also observed at (17±1)% RH after exposed to HNO3 of the same 1044 
concentration, though it only occurred after much longer exposure time.214 Energy Dispersive X-1045 
Ray (EDX) analysis reveals that the observed phase change of aged CaCO3 particles is caused by 1046 
the formation of Ca(NO3)2 (R1),
199 which has a much higher hygroscopicity than CaCO3. 1047 
CaCO3(s) + 2HNO3(g) → Ca(NO3)2(l) + H2O(l) + CO2(g)       (R1) 1048 
 1049 
This innovative discovery has been supported by many following studies, which have provided 1050 
further insights and more quantitative results. For example, Al-Abadleh et al.211 found that after 1051 
exposure to 100 mTorr HNO3 at 23% RH and 295 K, the amount of adsorbed water by  CaCO3 1052 
single crystals (104 and 110 surface planes) is significantly increased, due to the formation of 1053 
Ca(NO3)2 on the surface. Aged CaCO3(104) and CaCO3(110) surfaces have deliquescence relative 1054 
humidities (DRH) of (9±2)% and (13±5)% at 295 K,211 similar to that for amorphous Ca(NO3)2 1055 
particles.364 1056 
In addition to HNO3, uptake of NO2 
201,365 and N2O5 
131,136,139 also lead to the formation of nitrate 1057 
on dust particles. Using micro-Raman spectrometry, Liu et al.215 found that after exposure to 100 1058 
ppmv NO2 for 50 min at 37% RH, fresh CaCO3 particles were converted to internally mixed 1059 
CaCO3/Ca(NO3)2 particles with much higher hygroscopicity. This study further showed those 1060 
internally mixed CaCO3/Ca(NO3)2 particles, though still containing CaCO3 inclusion, exhibit the 1061 
same phase transition behavior as pure Ca(NO3)2 particles.
215  1062 
 1063 
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Heterogeneous reactions of CaCO3 particles with other acidic trace gases, in addition to nitrogen 1064 
oxides, can also lead to the increase in hygroscopicity. For example, Hatch et al.216 used a QCM 1065 
to measure the amount of water adsorbed on fresh CaCO3 and CaCO3 particles mixed with humic 1066 
acid sodium salt (NaHA) and Suwannee River fulvic acid (SRFA) at different RH. As shown in 1067 
Figure 14, compared to fresh CaCO3, the amount of water is significantly increased for CaCO3 1068 
particles internally mixed with NaHa or SRFA.216 1069 
 1070 
Figure 14. Amounts of water adsorbed on fresh CaCO3 particles and CaCO3 mixed with humic acid sodium 1071 
salt (NaHA) and Suwannee River fulvic acid (SRFA) at different RH. Reprinted with permission from ref 1072 
216. Copyright 2008 Elsevier. 1073 
 1074 
Ma et al.212 observed that at  90% RH, while fresh CaCO3 particles only contain 0.1% water, 1075 
internally mixed CaCO3/Ca(CH3COO)2 particles formed in the reaction of CaCO3 with acetic acid 1076 
at 50% RH contains ~70% water. They found that these internally mixed CaCO3/Ca(CH3COO)2 1077 
particles have almost the same DRH as pure Ca(CH3COO)2 particles.
212 Exposure to acetic acid at 1078 
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0% RH also enhances the ability of CaCO3 to adsorb water, though the increase is smaller 1079 
compared to that at 50% RH.212 1080 
 1081 
As discussed previously, several studies suggest that the CCN activity of fresh CaCO3 particles is 1082 
very low, with κ values of <0.005.217,264,357 Thermodynamic theories predict that the formation of 1083 
more hygroscopic materials through atmospheric aging processes on CaCO3 particles will increase 1084 
their CCN activities.366,367 Indeed the CCN activities of several pure Ca-containing compounds 1085 
that could be formed in the atmospheric transformation of CaCO3 particles, are found to have 1086 
higher κ values. For example, the κ values are ~0.5 for Ca(NO3)2 and CaCl2,217,357 similar to that 1087 
for (NH4)2SO4, and 0.05 for CaC2O4.
217 1088 
 1089 
The CCN activities of fresh CaCO3 and internally mixed particles, generated by atomization, have 1090 
been measured to mimic the effect of chemical aging on the CCN activities of CaCO3 1091 
particles.218,257 For example, internally mixed CaCO3/Ca(NO3)2 particles show much higher CCN 1092 
activities than CaCO3 particles, and the enhancement of CCN activities increases with the mass 1093 
ratio of Ca(NO3)2 to CaCO3 in the aqueous mixtures which were atomized to produce aerosol 1094 
particles.257 On the other hand, another study 218 found that internally mixed CaCO3/CaC2O4 1095 
aerosol particles have κ values of 0.0090±0.0019, only slightly higher than 0.0070±0.0017 for 1096 
fresh CaCO3 aerosol particles generated using a similar method. For a particle with a dry diameter 1097 
of 200 nm, κ values of 0.0070 and 0.0090 correspond to sc of 0.442% and 0.402%, respectively. 1098 
The smaller enhancement in CCN activity of CaCO3/CaC2O4 particles, compared to fresh CaCO3 1099 
particles, may be explained by relative low CCN activity of CaC2O4 particles, with κ values of 1100 
~0.05.217 In addition, mixing humic acid sodium salt (NaHA) and fulvic acid can substantially 1101 
increase the CCN activities of CaCO3 particles and therefore reduce the critical super-saturation 1102 
required to activate these particles to cloud droplets.216 It has been reported that for 235 nm 1103 
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particles, the critical super-saturation is 0.39% for fresh CaCO3, 0.35% for CaCO3 mixed with 0.01 1104 
wt.% NaHA, and 0.32% for CaCO3 mixed with 0.05 wt.% NaHA.
216 Similar but smaller effects 1105 
have also been observed for CaCO3 particles mixed with fulvic acid.
216 1106 
 1107 
CCN activity of CaCO3 aerosol particles before and after exposure to reactive trace gases has been 1108 
measured by a few studies to better mimic the effects of atmospheric aging processes. For 1109 
examples, Sullivan et al.258 exposed CaCO3 particles to HNO3 in the aerosol flow tube and then 1110 
measured the CCN activities of reacted particles. In this study 258 HNO3 concentration, RH and 1111 
exposure time were varied. As shown in Figure 15, they found 258 that the CCN activity of reacted 1112 
CaCO3 particles was significantly enhanced.  1113 
 1114 
Figure 15. CCN activation curves of fresh and aged (exposure to HNO3 at 50% RH) CaCO3 aerosol 1115 
particles with initial mobility diameters of 200 nm. Reprinted with permission from ref 258. Copyright 1116 
2009 the PCCP Owner Societies. 1117 
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 1118 
It is clear that heterogeneous reactions can significantly change the CCN activity of CaCO3 1119 
particles. However, its relevance for cloud formation depends on how fast these changes occur in 1120 
the troposphere. This important question has just started to be explored. For example, Sullivan et 1121 
al.258 investigated the CCN activity of aged particles as a function of HNO3 exposure, and 1122 
suggested that the κ values of CaCO3 particles increase with HNO3 exposure at three different RHs, 1123 
as shown in Figure 16. Interestingly no RH dependence is found, though the uptake of HNO3 by 1124 
CaCO3 particles is enhanced at higher RH.
199,227 It is further concluded by Sullivan et al.258 that 1125 
fresh CaCO3 particles will be rapidly converted to aged particles with κ values of >0.1 within 4 h 1126 
for 10 pptv HNO3 and within 3 min for 1 ppbv HNO3. HNO3 in the troposphere can reach up to 1127 
several ppbv,368-370 suggesting that CaCO3 particles can be converted to hygroscopic particles soon 1128 
after they are emitted into the troposphere. 1129 
 1130 
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Figure 16. Measured CCN activities (represented by κ values) of aged CaCO3 particles (due to the reaction 1131 
with HNO3) as a function of nitric acid exposure at 0%, 50%, and 70% RH. Reprinted with permission from 1132 
ref 258. Copyright 2009 the PCCP Owner Societies. 1133 
 1134 
N2O5 concentrations up to several ppbv have been reported,
371-374 and its reaction with CaCO3 (R2) 1135 
could lead to the formation of nitrate in particles. In a very recent study, Tang et al.357 found  that 1136 
CCN activity of CaCO3 particles which had been exposed to N2O5 at 0% RH in an aerosol flow 1137 
tube was enhanced, with κ increased from 0.001-0.003 to 0.02-0.04. It was also found that variation 1138 
of N2O5 exposure from ~550 to 15000 ppbv∙s did not lead to change in the CCN activity of aged 1139 
CaCO3 particles,
357 probably because at 0% RH CaCO3 may be quickly saturated with respect to 1140 
reaction with N2O5. 1141 
CaCO3(s) + N2O5(g) → Ca(NO3)2(l) + H2O(l) + CO2(g)       (R2) 1142 
4.2 Arizona Test Dust 1143 
Arizona Test Dust (ATD) is in fact one type of authentic dust samples. It is often used as a test 1144 
dust and a number of previous studies have investigated water adsorption, hygroscopicity and CCN 1145 
activity of both fresh and aged ATD, as listed in Table 6. Therefore, it is separately discussed here 1146 
in Section 4.2, instead of being included Section 4.8 together with other authentic dust samples. 1147 
4.2.1 Fresh ATD particles 1148 
Based on their DRIFTS measurement, Gustafsson et al.247 suggested that ~2.5 and ~4 monolayers 1149 
of adsorbed water are formed on ATD particles at ~70% and ~80% RH, respectively, though the 1150 
BET surface area of their ATD samples was not clearly stated. Gustafsson et al.247 also measured 1151 
the hygroscopic growth of wet-generated ATD aerosol particles which have the first mode at 56 1152 
nm and the second mode at 250 nm, and suggested that the hygroscopic growth factors of ATD 1153 
particles at different RH can be described by the following equation: 1154 
𝐷
𝐷0
= (1 − 𝑅𝐻)−0.036     (23) 1155 
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 1156 
Table 6. Water adsorption, hygroscopicity, and CCN activity of fresh Arizona Test Dust (ATD) particles: 1157 
summary of previous studies. 1158 
references techniques aerosol generation method 
Gustafsson et al., 2005 247 DRIFTS, TGA, and H-TDMA wet generation 
Vlasenko et al., 2005 260 H-TDMA dry generation 
Koehler et al., 2009 46 H-TDMA and CCNc dry and wet generation 
Herich et al., 2009 49 H-TDMA and CCNc dry and wet generation 
Navea et al., 2010 246 ATR-FTIR and QCM not applicable 
Sullivan et al., 2010 261  CCNc dry generation 
Sullivan et al., 2010 375 CCNc dry generation 
Kumar et al., 2011 262 CCNc dry generation 
Kumar et al., 2011 263  CCNc wet generation 
Yamashita et al., 2011376 CCNc dry generation 
Garimella et al., 2014 259 CCNc dry generation 
 1159 
Navea et al.246 investigated  water adsorption on ATD particles using ATR-FTIR and QCM, and 1160 
reported the mass ratio of adsorbed water to dry particles from 0-70% RH. Vlasenko et al.260 used 1161 
a H-TDMA to study the hygroscopic growth of ATD aerosol particles, and found that the 1162 
hygroscopic growth factors of monodisperse particles with mobility diameters of 55, 100, 250, and 1163 
400 nm are all <1.01 for RH up to 90%. Koehler et al.46 measured the hygroscopic growth and 1164 
CCN activity of dry- and wet-generated ATD aerosol particles. The H-TDMA measurements show 1165 
both dry and wet generated ATD particles have a growth factor of 1.09 at 90% RH, corresponding 1166 
to a κ value of 0.03.46 The CCN activity measurements suggest that while the dry generated ATD 1167 
particles have κ values of ~0.025, the CCN activity of wet generated ATD particles is much higher, 1168 
with κ values of 0.35.46 This may indicate that compared to dry generation, wet generation can 1169 
lead to significant increase of CCN activities of mineral dust particles, as suggested by several 1170 
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other studies.49,256,263 Therefore, the CCN activity of wet generated ATD particles reported by 1171 
Koehler et al.46 is not included for further discussion. 1172 
 1173 
The interaction of water vapor with dry and wet generated ATD particles was also studied by 1174 
Herich et al.49 under both sub- and super-saturation conditions, using H-TDMA and CCNc, 1175 
respectively. They also found that wet-generated ATD particles show significantly higher CCN 1176 
activities, due to effects introduced by redistribution of soluble materials among the particles.49 1177 
The κ value derived from the CCN activity measurement is 0.003.49 The κ value derived from H-1178 
TDMA measurement appears to be slightly lower than that from CCN activity measurement; 1179 
however, the difference may not be significant due to the large uncertainty associated with the 1180 
measured growth factors.49 The CCN activity of dry generated ATD particles was also investigated 1181 
by several other studies, with reported κ values being 0.0041,259 0.002,261 0.0042,375 and 0.017,376 1182 
respectively. Kumar et al.262 investigated the CCN activity of dry generated ATD aerosol particles 1183 
and interpreted their results using the FHH activation theory, with AFFH of  2.96±0.03 and BFHH of 1184 
1.28±0.03. In another study, Kumar et al.263 also investigated the CCN activity of wet-generated 1185 
ATD aerosol particles, and concluded that compared to dry generation, wet-generation will 1186 
significantly increase the CCN activity of ATD particles. 1187 
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 1188 
Figure 17. Comparison of measured and calculated surface coverages (θ) of adsorbed water on ATD 1189 
particles. Black squares: measured by Gustafsson et al;247 solid black curve: calculated using an average κ 1190 
value of  0.004 259,375 and an assumed diameter of 500 nm; dashed blue curve: calculated using a κ value of  1191 
0.004 259,375 and an assumed diameter of 1000 nm; solid red curve: calculated using a κ value of  0.004 259,375 1192 
and an assumed diameter of 2000 nm; dashed green curve: calculated using the two FHH parameters 1193 
reported by Kumar et al.262 1194 
 1195 
Surface coverages of adsorbed water on ATD particles reported by Gustafsson et al.247 are plotted 1196 
in Figure 17 together with those calculated using the two FHH parameters derived by Kumar et 1197 
al.262 from their CCN activity measurement. In addition, the surface coverages of adsorbed water 1198 
are also calculated using an average κ value of 0.004 259,375 for particles with diameters of 500, 1199 
1000, and 2000 nm, respectively. As shown in Figure 17, considering the experimental 1200 
uncertainties and errors in extrapolating measurements done under super-saturation conditions to 1201 
sub-saturation conditions, these studies show fairly good agreement, though some discrepancies 1202 
also occur. 1203 
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 1204 
Figure 18. Surface coverage of adsorbed water on ATD (a), illite (b), and kaolinite (c), reported by Navea 1205 
et al.,246 Schuttlefield et al,249 and Hatch et al.268,348 Alfa Aesar indicates that particles are provided by Alfa 1206 
Aesar, and CMS indicates that particles are provided by Clay Mineral Society (CMS). 1207 
 1208 
The results reported by Navea et al.,246 directly measured by using particles deposited a substrate, 1209 
are shown in Figure 18a. Compared to those plotted in Figure 17, the surface coverages of adsorbed 1210 
water measured by Navea et al.246 are significantly higher. Navea et al.246 deposited a water slurry 1211 
of ATD particles on the quartz crystal surface in their QCM to form a dry dust film after the 1212 
evaporation of water. When being mixed with water, clay minerals contained by ATD particles 1213 
may undergo interaction with liquid water and therefore change their physicochemical properties, 1214 
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a phenomena known as swelling for some clay minerals.377 This may begin to explain the relative 1215 
large difference between Navea et al.246 and those shown in Figure 17. This may also be due to 1216 
possible chemical reactions of ATD particles (or some of their components) in the aqueous mixture, 1217 
leading to compositional changes. However, further studies are needed to explain and resolve this 1218 
discrepancy. 1219 
4.2.2 Effect of chemical aging 1220 
The change of hygroscopicity of ATD particles due to heterogeneous reactions has been explored 1221 
by a few studies. For example, Vlasenko et al.213 measured the hygroscopic growth of ATD 1222 
particles after being exposed to HNO3 (3×10
13 molecule cm-3, i.e. ~1.2 ppmv) for 3 min at different 1223 
RH in an aerosol flow tube. As shown in Figure 19, the change in hygroscopicity was negligible 1224 
for exposure at 30% RH; however, the hygroscopic growth factor at ~85% RH increased from 1225 
<1.02 to ~1.08 after exposure to the same amount of HNO3 at 85% RH.
213  1226 
 1227 
Figure 19. Hygroscopic growth of ATD particles with initial mobility diameters of 100 nm before (red 1228 
circles) and after (black squares) reaction with HNO3 of 3×1013 molecule cm-3 at RH of (a) 30% and (b) 1229 
85%. Reprinted with permission from ref 213. Copyright 2006 Copernicus Publications. 1230 
 1231 
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It is also found that exposure to HNO3 
375 and H2SO4 
261 vapor could significantly increase the 1232 
CCN activity of ATD aerosol particles. In another study, Keskinen et al.378 suggested that 1233 
secondary organic coatings which are formed from α-pinene ozonolysis can also significantly 1234 
enhance the CCN activity of ATD particles. 1235 
4.3 Illite 1236 
Illite is the most abundant clay in mineral dust particles,150 and its interaction with water vapour 1237 
has been investigated by several studies. Table 7 summarizes previous studies which have 1238 
investigated water adsorption, hygroscopicity, and CCN activity of illite particles. The interaction 1239 
of water vapor with illite particles was investigated by Schuttlefield et al.249 using ATR-FTIR and 1240 
QCM, and the amount of water adsorbed by illite was quantified at different RH. Hatch et al.268 1241 
studied water adsorption on illite particles using ATF-FTIR. They found that the two-parameter 1242 
BET adsorption isotherm failed to describe the experimental data at higher RH while the Feundlich 1243 
adsorption model could fit the data over the entire RH range.268  In a following study, Hatch et 1244 
al.348 also used the FHH adsorption isotherm to fit their data, with AFFH and BFHH equal to 75±17 1245 
and 1.77±0.11.  1246 
 1247 
Table 7. Water adsorption, hygroscopicity, and CCN activity of fresh illite: summary of previous studies.  1248 
references techniques (and aerosol generation method, if applicable)  
Schuttlefield et al., 2007 249 ATR-FTIR and QCM 
Herich et al., 2009 49 H-TDMA and CCNc (dry and wet generation) 
Attwood and Greenslade, 2011253 AE-CRD (wet generation) 
Hatch et al., 2011 268 ATR-FTIR 
Kumar et al., 2011 262  CCNc (dry generation) 
Kumar et al., 2011 263 CCNc (wet generation) 
Garimella et al., 2014 253 CCNc (dry generation) 
Hatch et al., 2014 348 ATR-FTIR 
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 1249 
Attwood and Greenslade 253 measured the optical extinction of wet-generated illite aerosol 1250 
particles at 532 nm and at different RH to study their hygroscopicity. The hygroscopic growth 1251 
factors were found to be 0.90, 0.93, and 1.06 at RH of 50%, 68%, and 90%, respectively.253 It 1252 
should be pointed out that the hygroscopic growth reported by Attwood and Greenslade 253 is based 1253 
on the measured optical extinction coefficients. Hygroscopic growth factors smaller than 1, which 1254 
have also been reported for ATD particles using H-TDMA,46,260 can be due to change in particle 1255 
morphology and even restructure of particles during humidification.46,253,260 Since it is difficult to 1256 
convert change in optical extinction cross sections at different RH to the amount of adsorbed water, 1257 
the result reported by Attwood and Greenslade 253 is not included in further discussion. 1258 
 1259 
Herich et al.49 produced illite aerosol particles using both dry and wet generation methods, and 1260 
measured the hygroscopicity and CCN activity of generated illite aerosol particles using H-TDMA 1261 
and CCNc, respectively. They 49 found that wet-generated illite particles are more CCN active than 1262 
those generated by dry dispersion, and that the dry-generated illite particles has κ values of 0.002-1263 
0.003. Kumar et al.262,263 also investigated the CCN activity of dry- and wet-generated illite aerosol 1264 
particles, and suggested that the FHH activation theory could better describe CCN activation of 1265 
illite particles. AFHH and BFHH were reported to be 1.02±0.38 and 1.12±0.04 for dry-generated illite 1266 
particles,262 and 3.00 and 1.27 for wet-generated illite particles.263 Recently Garimella et al.259 also 1267 
studied the CCN activity of dry-generated illite particles, and they suggested that the κ-Köhler 1268 
activation theory could adequately describe the CCN activation of illite particles, with an average 1269 
κ value of 0.0072. 1270 
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 1271 
Figure 20. Comparison of calculated surface coverages (θ) of adsorbed water on illite particles. Surface 1272 
coverages of adsorbed water are calculated using an average κ value of 0.005 and different dry particle 1273 
diameters of 500 (solid black curve), 1000 (solid green curve), and 2000 nm (dashed red curve), and using 1274 
AFHH and BFHH for dry- (dashed olive curve) and wet-generated (dashed blue curve) illite aerosol particles 1275 
reported by Kumar et al.262,263 1276 
 1277 
AFFH and BFHH parameters for dry- and wet-generated illite particles, derived by Kumar et al.
262,263 1278 
from their CCN activity measurements, are used to calculate surface coverages of adsorbed water 1279 
under sub-saturation conditions. κ values for dry-generated illite aerosol particles were reported to 1280 
be 0.002-0.003 by Herich et al.49 and 0.0072 by Garimella et al.259 An average κ value of 0.005 is 1281 
then used here to calculate surface coverage of adsorbed water under sub-saturation conditions for 1282 
particles with uniform diameters of 500, 1000, and 2000 nm. All the calculated results are shown 1283 
in Figure 20, exhibiting relatively good agreement in general. 1284 
 1285 
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Schuttlefield et al.249 and Hatch et al.268,348 experimentally measured water adsorption under sub-1286 
saturation conditions on illite particles which were deposited on supporting substrates, and their 1287 
results are displayed in Figure 18b. Comparison of results shown in Figure 20 to those in Figure 1288 
18b suggests that surface coverages of adsorbed water reported by Schuttlefield et al.249 and Hatch 1289 
et al.268,348 are both significantly higher than those using aerosol particles, including those reported 1290 
by Kumar et al.263 who generated aerosol particles by atomizing illite/water mixture. Therefore, 1291 
the difference between studies using particles deposited on substrates and those using aerosol 1292 
particles cannot be fully explained by the potential change in particle properties due to the 1293 
interaction of clay with liquid water during the sample preparation stage. Clay minerals are 1294 
inherently complex with variability between samples. Variability in clay minerals are due to 1295 
differences in metal cations present and potentially contamination with other clay components (e.g. 1296 
montmorillonite) can potentially cause the observed difference. Considering the abundance of illite 1297 
in tropospheric mineral dust particles, more studies are required to better understand its interaction 1298 
of water vapor. 1299 
4.4 Kaolinite 1300 
Previous studies which reported water adsorption, hygroscopicity, and CCN activities of fresh 1301 
kaolinite are summarized in Table 8. ATR-FTIR and QCM were used by Schuttlefield et al.249 to 1302 
investigate water adsorption on kaolinite particles at different RH. Two different kaolinite samples 1303 
were used,249 with one purchased from Alfa Aesar and the other one provided by the Source Clay 1304 
Repository (Clay Mineral Society). Hatch et al.268 also investigated water adsorption on Clay 1305 
Mineral Society kaolinite using ATR-FTIR, and suggested that the Freundlich adsorption isotherm 1306 
can better describe their experimental data, compared to the two-parameter BET adsorption 1307 
isotherm. Recently Hung et al.270 used a physisorption analyser to study water adsorption on 1308 
kaolinite provided by Fluka. 1309 
 1310 
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Table 8. Water adsorption, hygroscopicity, and CCN activity of fresh kaolinite: summary of previous 1311 
studies. 1312 
references techniques (and aerosol generation method, if applicable)  
Schuttlefield et al., 2007 249 ATR-FTIR and QCM 
Gibson et al., 2007 257 CCNc (wet generation) 
Herich et al., 2009 49 H-TDMA and CCNc (dry and wet generation) 
Hatch et al., 2011 268 ATR-FTIR 
Attwood and Greenslade, 2011253 AE-CRD (wet generation) 
Kumar et al., 2011 263 CCNc (wet generation) 
Hung et al., 2015 270 PSA 
 1313 
Optical extinction coefficients were measured at 532 nm using Cavity Ring-Down spectroscopy 1314 
to determine the hygroscopic growth of Clay Mineral Society kaolinite particles at different RH.253 1315 
The hygroscopic growth factors, relative to the diameter at <10% RH, were measured to be 1316 
0.90±0.08, 0.79±0.11 and 0.80±0.17 at RH of 50%, 68%, and 90%, respectively.253 Hygroscopic 1317 
growth factors significantly smaller than 1 suggest that restructure of mineral dust particles may 1318 
occur during humidification, and also make it difficult to derive the amount of adsorbed water 1319 
from optical extinction measurements. It should be noted that potential restructure of dust particles 1320 
can also affect H-TDMA measurements. For example, hygroscopic growth factors of ATD 1321 
particles, as measured by H-TDMA, were reported to be slightly smaller than 1 at some RH.46,260 1322 
 1323 
CCN activity of wet-generated Clay Mineral Society kaolinite aerosol particles were studied by 1324 
Gibson et al.,257 and the critical super-saturation was measured to be 0.44±0.02 for 200 nm dry 1325 
particles, corresponding to a κ value of 0.0071. Herich et al.49 used H-TDMA and CCNc to study 1326 
the hygroscopicity and CCN activity of kaolinite particles, provided by Fluka and Clay Mineral 1327 
Society. In the study by Herich et al.,49 aerosol particles were produced by both dry and wet 1328 
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generation, and wet generation was found to increase the CCN activity of kaolinite particles. The 1329 
CCN activity of dry-generated kaolinite particles is quite low, with average κ values of ~0.001.49 1330 
By comparison, another study by Kumar et al.263 found that wet-generated kaolinite aerosol 1331 
particles exhibited a κ values of 0.45 which is only slightly lower than that for ammonia sulfate, 1332 
highlighting that dry and wet generation methods can lead to considerable difference in the CCN 1333 
activities of resulting dust aerosol particles. 1334 
 1335 
Figure 21. Comparison of surface coverage (θ) of adsorbed water on kaolinite particles experimentally 1336 
measured by Hung et al.270 (dashed olive curve) and those calculated using a κ value of 0.001 reported by 1337 
Herich et al.49 and assumed particle diameters of 500 (solid black curve), 1000 (dashed blue curve), and 1338 
2000 nm (solid red curve). 1339 
 1340 
Surface coverages of adsorbed water on kaolinite particles experimentally by Hung et al.270 are plotted in 1341 
Figure 21 together with those calculated using a κ value of 0.001 reported by Herich et al.49 and assumed 1342 
particle diameters of 500, 1000, and 2000 nm. As shown in Figure 21, reasonably good agreement is found, 1343 
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considering the uncertainties (as discussed in Section 3.3) when using the κ value to calculate surface 1344 
coverages of adsorbed water. 1345 
 1346 
Experimentally determined surface coverages of adsorbed water on kaolinite particles by Schuttlefield et 1347 
al.249 and Hatch et al.268 are shown in Figure 18c. Several conclusions can be drawn when comparing these 1348 
two studies.249,268 First of all,  Schuttlefield et al.249 and Hatch et al.268 used very similar techniques to 1349 
measure the amounts of water adsorbed by kaolinite particles from the same source (provided by Clay 1350 
Mineral Society), and their results agree quite well with each other, as shown in Figure 18c. Second, 1351 
Schuttlefield et al.249 measured water adsorption on two different kaolinite samples, and significant 1352 
difference between these two samples was found. This may suggest the same type of dust particles from 1353 
different sources, because of variability within sources, could have very different ability to uptake water 1354 
vapor. 1355 
 1356 
Surface coverages of adorbed water on kaolinite particles measured by Schuttlefield et al.249 and Hatch et 1357 
al.,268 as shown in Figure 18c, are significantly higher than those (as shown Figure 21) directly measured 1358 
by Hung et al.270 and those calculated using the κ value reported by Herich et al.49 We note that Schuttlefield 1359 
et al.,249  Hatch et al.268, and Hung et al.270 all deposited kaolinite particles on supporting substrates. The 1360 
observed large discrepancy between the first two studies249,268 and that by Hung et al.270 is somehow 1361 
unexpected. A potential explanation is that the two studies by Schuttlefield et al.249 and Hatch et al.268 placed 1362 
particles onto the supporting substrates via depositing water slurry onto them, probably leading to swelling 1363 
and changes in the properties of kaolinite particles, while dry kaolinite powders were directly placed onto 1364 
the supporting substrate by Hung et al.270 1365 
 1366 
Internally mixed kaolinite/ammonia sulfate particles, generated by atomizing kaolinite-ammonia 1367 
sulfate-water mixture, were found to have higher CCN activity compared to fresh kaolinite 1368 
particles.257 The internally mixed kaolinite-ammonia sulfate particles have κ values of ~0.017 and 1369 
~0.038, increasing with the mass ratio of ammonia sulfate to kaolinite in the aqueous mixtures 1370 
 73 
which were atomized to produce aerosol particles.257 Although this study 257 may not mimic actual 1371 
atmospheric aging processes very well, it does suggest that the CCN activity of kaolinite particles 1372 
can be substantially enhanced if being mixed more soluble compounds due to heterogeneous 1373 
reactions and/or cloud processing. 1374 
4.5 Montmorillonite 1375 
As summarized in Table 9, water adsorption, hygroscopicity, and CCN activity of montmorillonite 1376 
particles have been investigated by several studies in the last 2-3 decades. For example, Hall and 1377 
Astill 379 used a vacuum microbalance to measure the mass of montmorillorite particles at different 1378 
RH (up to 70%) and at different temperature (25-75 oC). Four homoionic (Ca2+, Li+, Na+, and K+) 1379 
exchanged forms of Clay Mineral Society montmorillorite (SWy-1) were studied.379 Water 1380 
adsorption by Na-exchanged montmorillorite was also investigated at different RH and 25 oC by 1381 
Cases et al.,380 using a microbalance. An environmental infrared microbalance was deployed by 1382 
Xu et al.381 to investigate water adsorption on Na-, Li-, Ca-, and Mg-exchanged forms of two 1383 
montmorillonite samples (SWy-1 and SAz-1) provided by Clay mineral Society. Gas 1384 
chromatography was used by Zent et al.382 to study water uptake on Na-montmorillorite (Swy-1) 1385 
at different RH and at 211 and 273 K. 1386 
  1387 
Table 9. Water adsorption, hygroscopicity, and CCN activity of fresh montmorillonite: summary of 1388 
previous studies.  1389 
references techniques (and aerosol generation method, if applicable)  
Hall and Astill, 1989 379 vacuum microbalance 
Cases et al., 1992 380 microbalance 
Xu et al., 2000 381 environmental infrared microbalance 
Zent et al., 2001 382 gas chromatography 
Frinak et al., 2005 383 Transmission FTIR 
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Schuttlefield et al., 2007 249 ATR-FTIR and QCM 
Herich et al., 2009 49 H-TDMA and CCNc (dry and wet generation) 
Attwood and Greenslade, 2011253 AE-CRD (wet generation) 
Hatch et al., 2011 268 ATR-FTIR 
Kumar et al., 2011 262 CCNc (dry generation) 
Kumar et al., 2011  CCNc (wet generation) 
Hatch et al., 2014 348 ATR-FTIR 
Garimella et al., 2014 259 CCNc (dry and wet generation) 
Hung et al., 2015 270 PSA 
 1390 
More recently, Frinak et al.383 used transmission FTIR to determine the amount of water adsorbed 1391 
on montmorillonite (SWy-2) provided by Clay Mineral Society as a function of temperature (212-1392 
231 K) and RH. They found that water uptake by montmorillonite is almost as large as ammonia 1393 
sulfate.383 It was further suggested by Frinak et al.383 that though water adsorption on 1394 
montmorillonite depended strongly on RH, no strong dependence on temperature (212-231 K) was 1395 
observed. 1396 
 1397 
Frinak et al.383 also compared their measurement to those reported in previous studies.379-382 As 1398 
shown in Figure 22, except that reported by Zent et al.,382 all the other studies in general show 1399 
good agreement. A close look reveals that the amount of adsorbed water measured by Cases et 1400 
al.380 at RH<30% may be lower than those reported by Hall and Astill,379 Xu et al.,381 and Frinak 1401 
et al.383 1402 
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 1403 
Figure 22. Comparison of amounts of water adsorbed on SWy-2 (montmorillorite from Clay Mineral 1404 
Society) measured by studies before 2006. Reprinted with permission from ref 383. Copyright 2005 John 1405 
Wiley & Sons, Inc. 1406 
 1407 
Water adsorption on three different montmorillonite samples (one from Alfa Aesar, the other two 1408 
from Clay Mineral Society: SWy-2 and SAz-1) was investigated by Schuttlefield et al.249 using 1409 
ATR-FTIR and QCM. The amount of water adsorbed by montmorillorite was quantified at room 1410 
temperature and at different RH, using QCM.249 As shown in Figure 23a, montmorillorite particles 1411 
from various sources exhibit different ability to adsorb water. At the same RH, the amount of water 1412 
adsorbed by SAz-1 is much larger than those by the other two montmorillorite samples, and Alfa 1413 




Figure 23. (a) Water adsorption on three different montmorillorite samples as a function of RH, measured 1417 
by Schuttlefield et al.249 at room temperature. Squares: Alfa Aesar montmorillorite; circles: SWy-2 provided 1418 
by Clay Mineral Society; triangles: SAz-1 provide by Clay Mineral Society. (b) Water adsorption on SWy-1419 
2 montmorillorite as a function of RH measured three different studies. Squares: measured by Frinak et 1420 
al.383 at 222 K; diamonds: measured by Hatch et al.268 at room temperature; circles: measured by 1421 
Schuttlefield et al.249 at room temperature. 1422 
 1423 
ATR-FTIR was used by Hatch et al.268 to determine the amount of water adsorbed on Clay Mineral 1424 
Society montmorillorite (SWy-2) particles at room temperature and at different RH, and the 1425 
experimental result was fitted by the FHH adsorption isotherm with AFHH and BFHH equal to 98±22 1426 
and 1.79±0.11.348 The mass ratios of adsorbed water to dry SWy-2, as a function of RH, measured 1427 
by Frinak et al.383 at 222 K and by Schuttlefield et al.,249 and Hatch et al.268 at room temperature, 1428 
are plotted in Figure 23b for comparison. Results reported by studies 379-382 prior to Frinak et al.383 1429 
are already shown in Figure 22, and therefore they are not included in Figure 23b. Considering the 1430 
experimental uncertainties, all the three studies show very good agreement, even though Frinak et 1431 
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al.383 carried out the measurement at 222 K and the other two studies 249,268 were conducted at 1432 
room temperature. Considering earlier measurements which are plotted in Figure 22, one could 1433 
conclude that most of the available studies 249,268,379-381,383 in which samples were supported on 1434 
substrates reported similar water adsorption for SWy-2 montmorillorite, although different 1435 
experimental techniques were used to quantify the amount of adsorbed water. 1436 
 1437 
Optical extinction of wet-generated Clay Mineral Society montmorillorite particles at 532 nm was 1438 
measured at room temperature and at different RH by Attwood and Greenslade 253 to study their  1439 
hygroscopic growth, using Cavity Ring-Down spectroscopy. Their reported hygroscopic growth 1440 
factors are 1.03 at 50% RH, 1.18% at 68% RH, and 1.4 at 90%, respectively.253 As discussed in 1441 
Sections 4.3 and 4.4, their reported hygroscopic growth factors are <1 for illite and kaolinite,253 1442 
likely due to restructure of clay particles at elevated RH. Restructure of montmorillorite particles 1443 
may also occur during humidification. In addition, since montmorillorite particles are non-1444 
spherical, it is non-trivial to convert change in optical properties at different RH to the amount of 1445 
adsorbed water by the particles. Therefore, the result reported by Attwood and Greenslade 253 for 1446 
montmorillorite is not included in comparison. Using the same experimental method, in a 1447 
following study Attwood and Greenslade 384 found that internal mixing with montmorillorite 1448 
would decrease the deliquescence RH of both ammonia sulfate and sodium chloride.  1449 
 1450 
Using H-TDMA and CCNc, Herich et al.49 studied the hygroscopicity and CCN activity of 1451 
montmorillorite particles provided Aldrich and Clay Mineral Society. Aerosol particles were 1452 
produced by both dry- and wet-generation.49 Wet generation was found to increase the CCN 1453 
activity of montmorillonite particles, compared to dry generation.49 The single hygroscopicity 1454 
parameter, κ, was determined to be ~0.003 for dry-generated montmorillorite particles and close 1455 
to 0.02 for wet-generated particles.49 The CCN activation of dry-generated Na-montmorillorite 1456 
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provided by Clay Mineral Society was investigated by Garimella et al.,259 with κ reported to be 1457 
0.0088. 1458 
 1459 
Kumar et al.262,263 investigated the CCN activity of dry and wet-generated Na- and Ca-1460 
montmorillonite aerosol particles, and suggested that the FHH adsorption activation theory could 1461 
better describe the CCN activation of montmorillonite aerosol particles. Reported AFHH and BFHH 1462 
are 1.23±0.31 and 1.08±0.03 for dry-generated Na-montmorillonite,262 2.06±0.72 and 1.23±0.04 1463 
for dry-generated Ca-montmorillonite,262, 0.87 and  1.00 for wet-generated Na-montmorillonite,263 1464 
and 1.09 and 1.04 for wet-generated Ca-montmorillonite,263 respectively. 1465 
 1466 
Figure 24. Comparison of surface coverages of adsorbed water on montmorillorite measured by Hung et 1467 
al.270 (solid green curve) with those extrapolated from CCN activity measurements. Surface coverages of 1468 
adsorbed water are also calculated using an average κ of 0.005 49,259 and assumed dry particle diameters of 1469 
500 (solid black curve), 1000 (dashed black curve), and 2000 nm (dotted black curve), respectively. In 1470 
addition, θ are calculated using AFHH and BFHH values reported by Kumar et al.262,263 Red curves: calculated 1471 
using AFHH and BFHH parameters for dry- (solid) and wet-generated (dashed) Na-montmorillorite; blue 1472 
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curves: calculated using AFHH and BFHH parameters for dry- (solid) and wet-generated (dashed) Ca-1473 
montmorillorite.  1474 
 1475 
Recently Hung et al.270 measured water adsorption on kaolinite K10 powders (provided by Sigma 1476 
Aldrich) at 28 oC and at different RH, using a PSA. For comparison, the measurements49,259,262,263 1477 
in which the CCN activity of aerosol particles were investigated are extrapolated to sub-saturation 1478 
conditions and plotted in Figure 24 together with the surface coverage of adsorbed water directly 1479 
measured Hung et al.270 As shown in Figure 24, reasonably good agreement is found, though large 1480 
errors can occur in these extrapolations, as discussed in Section 3.2. 1481 
 1482 
However, differences can be found when comparing studies plotted in Figures 22-23, to those 1483 
shown in Figure 24. For example, Schuttlefield et al.249 suggested that at around 70% RH, 1484 
approximately 50-60 and 200 monolayers of adsorbed water were formed on SWy-2 and SAz-1 1485 
kaolinite particles, compared to approximately 10 or less monolayers at the same RH for studies 1486 
shown in Figure 24. It should be noted that the surface coverage is calculated by dividing the total 1487 
amount of adsorbed water by the BET surface area of particles under investigation. The reasons 1488 
for such relatively large discrepancies are complicated and unclear at this stage. For example, the 1489 
difference between using particles supported on substrates and aerosol particles cannot explain the 1490 
discrepancies alone, because Hung et al.270 also studied particles deposited on a substrate but 1491 
reported similar results to those using aerosol particles.49,259,262,263 This can not be explained by 1492 
clay swelling effects alone which may play a role in several studies, for example, by Frinak et 1493 
al.,383 Schuttlefield et al.,249 and Hatch et al.268 This is because the calculated surface coverages of 1494 
adsorbed water from the CCN activity measurement of wet-generated particles by Kumar et al.263 1495 
are not very different from those for dry-generated particles,262 as shown in Figure 24. In addition, 1496 
such discrepancies cannot be only due to the usage of different types of montmorillorite particles, 1497 
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because studies 49,259,262,263,270 included in Figure 24 used montmorillorite from various sources but 1498 
still showed reasonably good agreement. Careful and systematical measurements in future can help 1499 
resolve these discrepancies and better understand the interaction of montmorillorite with water 1500 
vapor. 1501 
4.6 Quartz 1502 
Table 10 provides a summary of previous studies in which water adsorption, hygroscopicity, and 1503 
CCN activity of SiO2, TiO2, Al2O3, and Fe2O3 were determined. Section 4.6 discusses previous 1504 
studies on SiO2, while those for TiO2, Al2O3, and Fe2O3 are reviewed in Section 4.7. 1505 
 1506 
Table 10. Water adsorption, hygroscopicity, and CCN activity of fresh SiO2, TiO2, Al2O3, and Fe2O3: 1507 
summary of previous studies. 1508 
mineral References techniques  
SiO2 Goodman et al., 2001 250 Transmission FTIR 
 Schuttlefield et al., 2007 273 ATR-FTIR and QCM 
 Ma et al., 2010 269 DRIFTS 
 Keskinen et al., 2011 320 H-TDMA (wet generation) 
 Kumar et al., 2011 262 CCNc (dry generation) 
 Dalirian et al., 2015 385 CCNc (wet generation) 
TiO2 Goodman et al., 2001 250 Transmission FTIR 
 Ketteler et al., 2007 241 AP-XPS 
 Ma et al., 2010 269 DRIFTS 
Al2O3 Goodman et al., 2001 250 Transmission FTIR 
 Al-Abadleh and Grassian, 2003 240 Transmission FTIR 
 Schuttlefield et al., 2007 249 ATR-FTIR and QCM 
 Ma et al., 2010 269 DRIFTS 
 Ma et al., 2012 212 PSA 
Fe2O3 Goodman et al., 2001 250 Transmission FTIR 
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 Ma et al., 2010 269 DRIFTS 
 1509 
Water adsorbed on SiO2 particles was measured using transmission FTIR, and its surface coverage 1510 
at different RH was fitted by a modified three-parameter BET equation with n equal to 10 and c 1511 
equal to 13.1.250 Schuttlefield et al.273 investigated water adsorption on SiO2 particles by coupling 1512 
ATR-FTIR with QCM in tandem. In another study, DRIFTS was used by Ma et al.269 to investigate 1513 
the interaction of water vapor with SiO2 surface at different RH, and the result was also fitted with 1514 
a modified three-parameter BET equation with n equal to 3.8 and c equal to 4.8. 1515 
 1516 
H-TDMA was used to study the hygroscopic growth of spherical SiO2 aerosol particles of 8-10 1517 
nm,320 and it is suggested that the water adsorption on SiO2 particles can be described by the FHH 1518 
adsorption isotherm, with AFHH and BFHH equal to 4.82 and 2.16. It is also suggested that compact 1519 
agglomerate particles which contain a few primary spherical particles could adsorb ~1.5 times 1520 
more water at the same RH, compared to small spherical particles.320 This may probably result 1521 
from the capillary effects of these small cavities between primary small particles in the 1522 
agglomerate.320 1523 
 1524 
Kumar et al.262 investigated the CCN activity of SiO2 aerosol particles under super-saturation 1525 
conditions. Their measurements were interpretted using the FHH adsorption activation theory, 1526 
with AFHH and BFHH equal to 2.96 and 1.36, respectively.
262 The CCN activity of SiO2 aerosol 1527 
particles were also investigated by Dalirian et al.,385 and they suggested that the activation of SiO2 1528 
particles can be described by the FHH activation theory with AFHH and BFHH equal to 2.50 and 1.62, 1529 
respectively.  1530 
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 1531 
Figure 25. Comparison of surface coverage of adsorbed water on SiO2 particles reported by Goodman et 1532 
al.250 (black dashed curve), Schuttlefield et al.273 (squares), Ma et al.269 (green solid curve), Keskinen et 1533 
al.320 (blue solid curve), Kumar et al.262 (orange solid curve) and Dalirian et al.385 (red dashed curve). 1534 
 1535 
Water adsorption on SiO2 particles, as measured by previous studies under sub-saturation 1536 
conditions 250,269,273,320 or calculated using the two FHH parameters derived from CCN activation 1537 
measurements under super-saturation conditions,262,385 is plotted in Figure 25 for comparison. In 1538 
general good agreement is found, though different experimental techniques and different SiO2 1539 
samples were used. Significant discrepancies also exist. For example, the surface coverages of 1540 
adsorbed water reported by Ma et al.269 are always lower than those reported by other studies, and 1541 
the discrepancy becomes more evident for RH >50%. In addition, for RH >50%, the difference 1542 
between the calculated surface coverages of adsorbed water using the two FHH parameters 1543 
reported by Kumar et al.262 and those reported by Goodman et al.,250 Schuttlefield et al.,273  1544 




Figure 26. CCN activation curves for 150 nm pure SiO2 particles and SiO2 particles mixed with (a1-a2) 1548 
ammonia sulfate (AS), (b1-b2) sucrose, and (c1-c2) bovine serum albumin. The left three panels show the 1549 
un-normalized data and the right three panels show the normalized data. Reprinted with permission from 1550 
ref 385. Copyright 2015 Copernicus Publications. 1551 
 1552 
Coating of SiO2 particles with more hygroscopic materials can increase their CCN activities. 1553 
Dalirian et al.385 generated SiO2 particles mixed with different amounts of ammonia sulfate (AS), 1554 
sucrose, and bovine serum albumin (BSA). As shown in Figure 26, mixing SiO2 with compounds 1555 
with higher CCN activities (compared to SiO2) can decrease the critical super-saturation ratios and 1556 
increase their CCN activity, when compared to pure SiO2 particles.
385 The extent of decrease in 1557 
critical super-saturation ratios depends on the mass fraction of SiO2, i.e. the less SiO2 the mixed 1558 
particles contain, the more CCN active these particles are. In addition, different materials have 1559 
different effects even when their mass fractions are the same. For the three compounds investigated 1560 
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by Dalirian et al.,385 ammonia sulfate has the most significant effect because it is most CCN activity 1561 
with a κ value of 0.61, while BSA has a smaller effect because its κ value is ~0.13 (and the κ value 1562 
is 0.084 for sucrose).385 1563 
4.7 Metal oxides (TiO2, Al2O3, and Fe2O3) 1564 
Previous studies which have investigated water adsorption on fresh and/or reacted TiO2, Al2O3, 1565 
and Fe2O3 particles are summarized in Table 10. 1566 
4.7.1 TiO2 1567 
Goodman et al.250 investigated water adsorption on P25 TiO2 particles (BET surface area: 50 m
2 g-1568 
1) at different RH using transmission FTIR. It was found that 250 the surface coverage of adsorbed 1569 
water can be fitted by the modified three-parameter BET equation, i.e. Eq. (5), with n equal to 8 1570 
and c equal to 74.8. Ma et al.269 used DRIFTS to study the water adsorption on P25 TiO2 particles, 1571 
and suggested that surface coverage of adsorbed water can be fitted with the modified three-1572 
parameter BET equation with n equal to 6.2 and c equal to 5.5. The results reported by these two 1573 
studies are plotted in Figure 27, suggesting that the surface coverage of adsorbed water measured 1574 
by Goodman et al.250 is slightly higher than that determined by Ma et al.269 1575 
 85 
 1576 
Figure 27. Surface coverage of adsorbed water on TiO2 particles reported by previous studies. Solid curve: 1577 
Goodman et al.;250 squares: Ketteler et al.;241 dashed curve: Ma et al.269 1578 
 1579 
In addition, AP-XPS was also used to study water adsorption on the rutile single crystal 1580 
surface(110).241 The AP-XPS measurement suggested that 2 and 3 monolayers of adsorbed water 1581 
are found at 12% and 25%,241 and the surface coverage is higher than those reported Goodman et 1582 
al.250 and Ma et al.269 However, it may not be directly comparable because Ketteler et al.241 used 1583 
single crystals while P25 TiO2 particles were used by the other two studies.
250,269 Many previous 1584 
studies have investigated water adsorption on rutile and anatase singles crystals, as summarized 1585 
by Chen et al.155 Since those studies are not of direct atmospheric relevance, they are not further 1586 
discussed. 1587 
4.7.2 Al2O3 1588 
Transmission FTIR was used to study water adsorption on α-Al2O3 particles,250 and it was 1589 
suggested that the surface coverage of adsorbed water can be fitted with the modified three-1590 
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parameter BET equation with n equal to 8 and c equal to 25.2. Transmission FTIR was also used 1591 
to investigate water adsorption on α-Al2O3 single crystals;240 this work is of less atmospheric 1592 
relevance and thus not further discussed. Water adsorption on α-Al2O3 particles was further 1593 
investigated by Schuttlefield et al.249 using ATR-FTIR and QCM, and the amount of adsorbed 1594 
water at different RH was reported. Ma et al.269 used DRIFTS to measure the amount of water 1595 
adsorbed on α-Al2O3 particles, and suggested that its surface coverage can be described by a 1596 
modified three-parameter BET equation, with n equal to 15.4 and c equal to 9.66. In addition, PSA 1597 
was used by Ma et al.212 to measure water adsorbed on α-Al2O3, and it was shown that one 1598 
monolayer adsorbed water is formed at ~20% RH.  1599 
 1600 
Figure 28. Comparison of surface coverage of adsorbed water on α-Al2O3 at different RH, as reported in 1601 
previous studies. Solid curve: Goodman et al.;250 dashed curve: Ma et al.;269 squares: Ma et al.;212 triangles: 1602 
chuttlefield et al.249 1603 
 1604 
Surface coverages of adsorbed water on α-Al2O3, as measured by these four different studies, are 1605 
displayed together in Figure 28 as a function of RH. As evident in Figure 28, in general different 1606 
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studies show good agreement, though different methods have been used to quantify the amount of 1607 
water adsorbed on the particle surface. A close inspection also reveals that for RH > 80%, the 1608 
discrepancy between Goodman et al.250 and Ma et al.212,269 may increase. This may suggest that 1609 
experimental uncertainties increase with RH. 1610 
 1611 
Figure 29. Amounts of water adsorbed on α-Al2O3 particles before and after heterogeneous reaction with 1612 
gaseous acetic acid. Reprinted with permission from ref 212. Copyright 2012 the PCCP Owner Societies. 1613 
 1614 
Heterogeneous reactions can change the hygroscopicity of α-Al2O3. For example, Ma et al.212 1615 
measured the amount of water adsorbed on α-Al2O3 before and after reaction with acetic acid. As 1616 
shown in Figure 29, it was found that the RH required to form one monolayer of adsorbed water 1617 
decreased from ~20% to 14% after the reaction with acetic acid.212  In addition, at 90% RH the 1618 
amount of water adsorbed on the surface increased from 1.7% (by mass) for fresh particles to 5.2% 1619 
(by mass) for reacted particles.212 The study by Ma et al.212 suggests that heterogeneous reaction 1620 
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with acetic acid increases the hygroscopicity of α-Al2O3 particles. In contract, another study by 1621 
Rubasinghege et al.386 found that exposure to formic acid could largely reduce the amount of water 1622 
adsorbed by γ-Al2O3. 1623 
4.7.3 Fe2O3 1624 
Water adsorption on Fe2O3 was investigated by transmission FTIR 
250 and DRIFTS 269 respectively. 1625 
Both studies suggest that the surface coverage of adsorbed water can be described by a modified 1626 
three-parameter BET equation, with n and c equal to 4 and 51.1 reported by Goodman et al.250  and 1627 
11.3 and 4.68 derived by Ma et al.269 As shown in Figure 30, the surface coverage of adsorbed 1628 
water measured by Goodman et al.250 is higher for RH < ~55% and lower for RH > ~55% than that 1629 
measured by Ma et al.269 In addition, the discrepancy between the two studies seems to increase 1630 
with RH for RH > ~55%. 1631 
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 1632 
Figure 30. Surface coverages of adsorbed water on Fe2O3. Solid black curve: fresh particles measured by 1633 
Goodman et al.;250 dashed black curve: reacted particles measured by Goodman et al.;250 solid red curve: 1634 
fresh particles measured by Ma et al.269 1635 
 1636 
In addition, Goodman et al.250 found that the exposure to HNO3 significantly increased the amount 1637 
of water adsorbed by Fe2O3 particles, with n and c equal 6 and 55.3 for aged Fe2O3, compared to 1638 
4 and 51.1, respectively, for fresh Fe2O3. 1639 
4.8 Authentic complex dust mixture 1640 
Water adsorption properties, hygroscopicity, and CCN activity of a variety of authentic dust 1641 
samples have been investigated in the last two decades, and Table 11 provides a quick overview 1642 
of these studies. Arizona Test Dust is also an authentic dust sample; however, it has been separately 1643 
discussed in Section 4.2 because it has been extensively studied and is often used as a dust standard. 1644 
A direct comparison between different studies is difficult, because dust particles, even if they have 1645 
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the same name (for examples, Saharan dust), may be collected from different locations and thus 1646 
their compositions may show large variations. 1647 
 1648 
Table 11. Water adsorption, hygroscopicity, and CCN activity of authentic dust particles: summary of 1649 
previous studies. 1650 
reference techniques dust 
Seisel et al., 2004 298 Knudsen cell Saharan dust 
Seisel et al., 2005 299 Knudsen cell Saharan dust 
Koehler et al., 2007 387 H-TDMA and CCNc Owens (dry) Lake dust 
Koehler et al., 2009 46 H-TDMA and CCNc Canary Islands dust, Cairo dust 
Herich et al., 2009 49 H-TDMA and CCNc Saharan dust, Chinese dust 
Navea et al., 2010 246 ATR-FTIR and QCM Saharan dust, China loess 
Yamashita et al., 2011 376 CCNc Asian mineral dust 
Kumar et al., 2011 262 CCNc Niger dust, and five different East Asian dust 
Kumar et al., 2011 263 CCNc Niger dust, and five different East Asian dust 
Ma et al., 2012 182 DRIFTS Asian dust 
 1651 
Using a Knudsen cell reactor coupled to a mass spectrometer, Seisel et al.298,299 measured the 1652 
uptake of water vapor by Saharan dust particles over 203-298 K, and the initial uptake coefficient 1653 
was determined to be (6.3±0.7)×10-2, independent of temperature. Yamashita et al.376 studied the 1654 
CCN activity of dry-generated Asian mineral dust particles, and reported an average κ of 0.014. 1655 
Ma et al.182 collected Asian dust particles in Beijing during a dust storm event, and measured the 1656 
water adsorption by these dust particles at different RH before and after heterogeneous reaction 1657 
with SO2. They 
182 found that ~8 monolayers of adsorbed water were found at 90% RH, and that 1658 
the reaction with SO2 did not significantly change the hygroscopicity of Asian dust particles they 1659 
collected.  1660 
 1661 
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Koehler et al.387 measured the hygroscopicity and CCN activity of dust particles collected from 1662 
Owens Lake region (California, USA), using H-TDMA and CCNc. They 387 found that 35% of the 1663 
dry-generated particles are very hygroscopic with an average κ of 0.69 and the other 65% are much 1664 
less hygroscopic with an average κ of ~0.05. Koehler et al.46 also investigated the hygroscopicity 1665 
and CCN activity of two North African dust samples: one from the Canary Islands and the other 1666 
one from outside Cairo. It is suggested that the CCN activity of these dust particles can be 1667 
represented using the single hygroscopicity parameter of 0.01 < κ < 0.08.46 In addition, wet-1668 
generated Canary Islands dust and Cairo dust were found to be much more hygroscopic, with κ 1669 
equal to 0.26 and 0.7,46 suggesting that wet-generation may artificially enhance the hygroscopicity 1670 
and CCN activity of dust particles. 1671 
 1672 
Using H-TDMA and CCNc, Herich et al.49 investigated the hygroscopicity and CCN activity of 1673 
Saharan dust and Chinese dust. Dust aerosol particles were produced by both dry- and wet-1674 
generation, and it was found that wet generation could significantly increase the CCN activity of 1675 
dust particles.49 The single hygroscopicity parameter, κ, was found to be 0.023 for dry-generated 1676 
Saharan dust and 0.007 for dry-generated Chinese dust.49 In addition, Herich et al.49 found that κ 1677 
derived from H-TDMA measurement may be smaller than those derived from CCNc measurement; 1678 
nevertheless, the difference may be within the experimental uncertainties. 1679 
 1680 
QCM was used to study water adsorption on Saharan dust and China Loess at room temperature 1681 
and at different RH.246 The results are displayed in Figure 31, suggesting that both Saharan dust 1682 
and China loess can adsorb substantial amount of water.246 In addition, it appears that the two 1683 
samples show somewhat similar water uptake capacities on a per mass basis, although their 1684 




Figure 31. The amounts of water adsorbed by Saharan dust (red circles) and China loess (black squares) at 1688 
room temperature and at different RH, as measured by Navea et al.246 1689 
 1690 
Kumar et al.262 investigated the CCN activity of six different types of dust particles, one collected 1691 
from Niger (Sahel) and the other five collected from different locations in East Asian deserts. It 1692 
was suggested that the FHH adsorption activation theory could better describe the CCN activation 1693 
of these dry-generated dust aerosol particles,262 compared to the κ-Köhler activation theory. The 1694 
measured CCN activity of all the dust particles can be represented by one set of FHH parameters 1695 
with AFHH equal to ~2.25±0.75 and BFHH equal to ~1.20±0.10.
262 Kumar et al.263 also measured the 1696 
CCN activity of wet-generated aerosol particles for these six types of dust, and found that κ for 1697 
these wet-generated dust aerosol particles varies in the range of 0.14-0.44.263 It was also suggested 1698 
that wet-generation can lead to enhancement of the measured CCN activity of dust particles, 1699 
compared to dry generation.262,263 1700 
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4.9 Theoretical studies on water adsorption on mineral dust surface 1701 
There have been several theoretical studies focused on adsorption of gas phase water on mineral 1702 
surfaces. These studies include but are not limited to calcite,388-390 kaolinite,391-395 1703 
montmorillonite,377,396,397 quartz,398,399 titanium dioxide,400-402 and FeOOH.275,403,404 In this review 1704 
we do not provide a comprehensive review of these studies, but instead we highlight a few these. 1705 
In particular, we highlight several theoretical studies which have significantly improved our 1706 
understanding of water adsorption on mineral dust particles of atmospheric relevance at a 1707 
fundamental level. This discussion is limited to four representative components contained by 1708 
mineral dust aerosol particles in the troposphere. These components are representative of carbonate 1709 
minerals (calcite), clay minerals (kaolinite and montmorillonite), and oxide minerals (quartz). A 1710 
recent review paper 155 summarized some theoretical work for water adsorption on TiO2(110) 1711 
surface. In general, it appears that it is non-trivial for theoretical studies to quantitatively predict 1712 
the amount of water adsorbed by mineral surfaces as a function of RH. However, insights into 1713 
fundamental processes involved in water-mineral interactions can be gained from these theoretical 1714 
studies. Recently Gerber et al.405 provided several excellent examples to illustrate how theoretical 1715 
studies could help us understand atmospherically relevant chemical reactions at various 1716 
interfaces/surfaces. 1717 
4.9.1 Calcium carbonate 1718 
Using molecular dynamics simulations, de Leeuw and Parker 388 investigated the effect of water 1719 
adsorption on the surface structures and energetics for several different planar calcite surfaces. 1720 
They found that physisorption of water is energetically favourable for all the planar surfaces, 1721 
among which the (1014) surface is most stable.388 Kerist and Parker 406 calculated the free energy 1722 
of water adsorption on the (1014) calcite surface using molecular dynamics simulations. Their 1723 
simulations 406 suggested that the free energy of water adsorption is smaller than the enthalpy, 1724 
indicating that there is a large change in entropy associated with water adsorption on the surface. 1725 
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Additionally, ab-initio calculations by Kerisit et al.389 were used to predict the surface phase 1726 
diagram for the (1014) calcite surface, and they 389 suggested that nonstoichiometric surfaces can 1727 
be important in  determining the chemistry of calcite at high RH. 1728 
 1729 
Rahaman et al.390 developed a molecular dynamics scheme to study the dynamics of water 1730 
adsorption on the (1014) calcite surface at different RH. They 390 found that the timescale for the 1731 
surface to become in equilibrium with the environment is of several nanoseconds, and predicted 1732 
that water adsorption on the surface would follow a BET-like isotherm. They 390 also suggested 1733 
that mobility of adsorbed water is enhanced at higher RH, and that at lower RH adsorbed water is 1734 
more tightly bound to the surface.  1735 
4.9.2 Kaolinite 1736 
Previous theoretical studies on water adsorption on kaolinite, for example, by Hu and 1737 
Michaelides,407-409 mostly focused on the Al-terminated(001) and Si-terminated(001) surfaces. 1738 
Croteau et al.392-395 used grand canonical Monte Carlo simulations to investigate adsorption and 1739 
structure of water on kaolinite surfaces. They 392 found that at 235 K, the Si-surface is hydrophobic 1740 
and does not display potential to adsorb water when RH is less than 100%, and adsorption on the 1741 
Al-surface exhibits first-order characteristics. More importantly, they 392 suggested that adsorption 1742 
on edges, dominated by strong water-surface interactions, is much more continuous and 1743 
contributes significantly to water uptake by kaolinite.  1744 
 1745 
In a following study, Croteau et al.393 further investigated water adsorbed on four different surfaces 1746 
(the Al-terminated surface, the Si-terminated surface, and two edge-like surfaces) of kaolinite at 1747 
different RH and at two different temperatures (235 and 298 K), using Monte Carlo simulations. 1748 
Several conclusions have been drawn from their simulations:393 i) the Si-terminated surface does 1749 
not uptake significant amount of water, and the Al-terminated surface and the two edge-like 1750 
 95 
surfaces can adsorb monolayers of water for RH below 100%; ii) the edge-like surfaces have the 1751 
largest affinity for water; iii) water adsorption on the edge-like surfaces grows continuously until 1752 
one monolayer is reached, while on the Al-surface the formation of one monolayer adsorbed water 1753 
appears as a sharp transition (this also indicates that collective behavior occurs among water 1754 
molecules on the Al-surface but not on the edges) and practically there is no submonolayer 1755 
adsorption. This  suggests that mechanisms of water adsorption on the Al-surface and the edge-1756 
like surfaces are distinctively different.393 1757 
 1758 
The two previous studies carried out by Croteau et al.392,393 used atomistically smooth kaolinite 1759 
surfaces in these simulations, and their predicted surface coverages of adsorbed water are much 1760 
lower than those experimentally measured by Schuttlefield et al.249 In an effort to explain the 1761 
experimental results, Croteau et al.395 further performed water adsorption simulations at 296 K on 1762 
kaolinite surfaces which contain trenchlike structures. The structures of different trenches 1763 
considered by Croteau et al.395 are shown in Figure 32. 1764 
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 1765 
Figure 32. The structures of different trenches on kaolinite surfaces considered by Croteau et al.395 in their 1766 
simulations. O, H, Al, and Si atoms are in red, white, gray, and brown. From top to bottom, the trenches 1767 
are refered as 1, 2, 3, and 4, with trend widths of 14.78, 14.78, 44.34, and 73.91 Å, respectively. Simulations 1768 
were carried out for trench 1 without (1A) and with (1B) intertrench spacing filled (atoms inside the black 1769 
rectangle). Black arrows indicate where the trenches are. Reprinted from permission from ref 395. 1770 
Copyright 2010 American Chemical Society. 1771 
 1772 
Simulated water adsorption on kaolinite surfaces with different trenches at 298 K are shown in 1773 
Figure 33 as a function of RH. Compared to that for an atomistically smooth edge-like surface, it 1774 
was found that the amount of adsorbed water is largely increased for surfaces with all the different 1775 
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trenches.395 The study by Croteau et al.395 suggests that surface trenches (and very likely other 1776 
surface defects) may have strong affinity for water and thus can adsorb multilayers of water. The 1777 
amounts of adsorbed water on kaolinite predicted by Croteau et al.395 as a function of RH are on 1778 
the same order of magnitude as those measured by Hung et al.,270 but appear to be significantly 1779 
smaller than those measured by Schuttlefield et al.249 and Hatch et al.348 1780 
 1781 
Figure 33. Simulated surface coverages of adsorbed water on an atomistically smooth edge kaolinite 1782 
surface (blue triangles) and kaolinite surfaces containing different types of trenches as a function of RH 1783 
(P/P0, defined as the ratio of partial pressure of water vapor to the saturated vapor pressure of water) at 298 1784 
K. Blue triangles: atomistically smooth edge-like surface; red triangles: trenches 1A; orange diamonds: 1785 
trenches 1B; black circles: trenches 2; green squares: trenches 3; maroon triangles: trenches 4. Trench 1786 
structures are given in Figure 32. Reprinted from permission from ref 395. Copyright 2010 American 1787 
Chemical Society. 1788 
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4.9.3 Montmorillonite 1789 
Hensen et al.396 combined molecular dynamics and Monte Carlo simulations to investigate water 1790 
adsorption by Li-, Na-, and K-montmorillonite. It is found that water adsorption by these 1791 
montmorillonite occurs via two mechanism:396 1) at low RH, water adsorption is driven by 1792 
hydration of interlayer counterions, and the extent of water adsorption increases with cation-H2O 1793 
hydration energy (Li+ > Na+ > K+); 2) at high RH, water molecules are adsorbed near mineral 1794 
surface, coordinating to the structural OH groups. This enables the formation of an extensive 1795 
hydrogen bonding network and therefore leads to a sharp increase of adsorbed water with RH.396 1796 
 1797 
In a following theoretical study, Hensen and Smit 377 was able to quantitatively predict the amount 1798 
of water adsorbed by Na-montmorillonite as a function of RH. In addition, their simulations 377 1799 
suggested that montmorillonite swelling occurs by migration of counterions (which are initially 1800 
strongly bound to clay surface) to positions in the clay interlayers where these ions can be fully 1801 
hydrated.  1802 
4.9.4 Quartz 1803 
Several review articles 410,411 and books 412,413 have summarized theoretical studies on the 1804 
interaction of water with silica surfaces, especially for liquid water-quartz interactions. Interested 1805 
readers are referred to these publications for more information. Density functional theory based 1806 
molecular dynamics simulations were used by Sulpiz et al.414 to understand the molecular behavior 1807 
of quartz-water interface. They 414 suggested that two types of silanol groups exist at the quartz 1808 
surface: i) out-of-plane silanols with a pKa of 5.6, forming strong and short H-bonds with 1809 
interfacial water molecules, giving rise to highly correlated hydrogen-bonding network and thus 1810 
exhibiting a band at ~3200 cm-1 in the sum frequency generation (SFG) spectroscopy.415-417 For 1811 
simplicity, these water molecules are also referred to as the “ice-like” water because of their 1812 
similarity in structure to water molecules in bulk ice;418 ii) in-plane silanols with a pKa of 8.5, 1813 
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forming weak hydrogen bonds with interfacial water molecules and showing a broad band at ~3400 1814 
cm-1 in the SFG spectrum.415-417 Intensity in this region corresponds with OH stretch intensities of 1815 
bulk liquid water, and therefore for simplicity these water molecules are sometimes referred to as 1816 
“liquid-like” water.418 1817 
 1818 
Recently Murdachaew et al.399 used initio molecular dynamics to study the adsorption of HCl on 1819 
the hydroxylated α-quartz (0001) surface, and observed that adsorbed HCl is rapidly dissociated 1820 
and ionized on wetted surface at temperatures between 250 and 300 K. Ionization of adsorbed HCl 1821 
seems to be enhanced by lattice mismatch between the silica and water layer.399 The dissociation 1822 
and ionization of HCl on SiO2 surface has several important implications for atmospheric 1823 
chemistry. For example, it lowers the pH for silica surface and leads to the charging and 1824 
disordering of adsorbed water.399 These changes could significantly impact chemical processes on 1825 
silica surfaces.399 1826 
4.10 Chemical aging modifies the interaction of water vapor with mineral dust 1827 
particles: results from field measurements 1828 
As summarized in previous sections, numerous laboratory studies have suggested that atmospheric 1829 
heterogeneous reactions could substantially increase the water adsorption ability, hygroscopicity, 1830 
and CCN activity of mineral dust particles. Very frequently tropospheric dust aerosol particles 1831 
have been observed to be internally mixed with nitrate, sulfate, chloride, and organic 1832 
compounds.158,159,162,202,206,419-425 158,159,162,202,206,419-425 More importantly, the effect of atmospheric 1833 
aging processes has also been supported by increasing evidence from field measurements. Instead 1834 
of providing an exhaustive literature survey, here we highlight some important findings from field 1835 
measurements to provide evidence if atmospheric chemical transformation could influence the 1836 
interaction of mineral dust particles with water vapor. Tables 12 summarizes the major findings of 1837 
field studies which are discussed in the section. A recent review paper by Li et al.426 summarized 1838 
 100 
single particle studies on the changes in chemical compositions, morphology, and hygroscopicity 1839 
of aerosol particles (including mineral dust) collected in East Asia. 1840 
 101 
Table 12. Field measurements of water adsorption, hygrsoscopicity, and CCN activity of mineral dust aerosol particles: summary of major findings 1841 
from previous studied included in this review. 1842 
reference Location major findings 
Perry et al., 2004 427 Trinidad Head, 
California, USA 
Elemental (Al, Si, and Fe) mass distributions all shifted toward smaller sizes as RH was reduced, indicating 
that mineral dust particles transported from Asia to the west coast of the United States is somewhat more 
hygroscopic upon its arrival. 
Laskin et al., 2005 245 Shoresh, Israel In agreement with laboratory studies, it was shown that solid nonspherical calcium carbonate particles 
were converted to spherical liquid droplets which contain Ca(NO3)2, due to heterogeneous reactions with 
HNO3. 
Matsuki et al., 2005 159 Beijing, China Some Ca-rich dust particle are spherical under humid conditions, due to the formation of nitrate and sulfate 
on these particles. 
Massling et al. 2007 428 off the coasts of 
Japan, Korea, and 
China 
For all continentally influenced air masses, 1 μm particles can be classified as two groups according to 
their hygroscopic growth factors at 90% RH: one with growth factors of around 1.0 (representative of dust 
particles) and the other one with a growth factors of ~2(representative of sea spray particles). 
Shi et al., 2008 429 southwestern Japan Nitrate free dust particle, even though they may contain sulfate, did not change their morphology when 
RH was increased from 15% to 90%; however, dust particles containing nitrate became aqueous droplets 
even at 15% RH. 
Crumeyrolle et al., 2008 
430 
Banizoumbou, Niger Cloud processing during a mesoscale convective system may enhance the formation of soluble materials 
associated with dust particles and therefore enhance their CCN activity. 
Tobo et al., 2009,431 Tobo 
et al., 2010 432 
Kanazawa, Japan Some Ca-rich particles contain substantial amount of chloride, and they existed in an amorphous state and 
were nearly spherical even under high vacuum. 
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Kim and Park, 2012 433 Gwangju, Korea Dust aerosol particles transported to Korea exhibited enhanced hygroscopicity, compared to fresh 
aluminum silicate and calcium carbonate. 
Begue et al., 2015 267 Cabauw, Netherlands CCN activities of Saharan dust aerosol particles transported to Netherlands were significantly increased 
due to heterogeneous reactions with anthropogenic pollutants. 
Denjean et al., 2015 434 Fajardo, Puerto Rico Supermicron African dust particles, after being transported across the Atlantic in summertime, were 




Laskin et al.245 collected mineral dust particles at Shoresh, Israel, and analyzed the morphology 1845 
and composition of individual dust particles using scanning electron microscopy with energy 1846 
dispersive analysis of X-ray (SEM-EDX). For the first time, they 245 provided field evidence that 1847 
due to heterogeneous reactions with HNO3, solid nonspherical calcium carbonate particles were 1848 
converted to spherical liquid droplets which contain Ca(NO3)2. This important finding has been 1849 
supported by a number of following studies. For example, Matsuki et al.159 collected Asian dust 1850 
particles (>1 μm) in Beijing and analysed them using electron microscopy. As shown in Figure 34, 1851 
Matsuki et al.159 found that some Ca-rich dust particle are spherical under humid conditions, due 1852 
to the formation of nitrate and sulfate on these particles. 1853 
 1854 
Figure 34.  Electron micrograph and X-ray spectrum of a typical Ca-rich spherical particle collected in the 1855 
boundary layer in Beijing. The signal of Ni in the X-ray spectrum was caused by the Ni-containing grids 1856 
used to support the films on which particles were collected. Reprinted with permission from ref 159. 1857 
Copyright 2005 John Wiley & Sons, Inc. 1858 
 1859 
Asian dust particles (>1 μm) were also collected in Southwestern Japan after long-range transport 1860 
and analyzed with environmental scanning electron microscopy.429 It was found that nitrate free 1861 
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dust particle, even though they may contain sulfate, did not change their morphology when RH 1862 
was increased from 15% to 90%;429 in contract, dust particles containing nitrate became aqueous 1863 
droplets even at 15% RH.429 This suggested that the formation of nitrate coating could substantially 1864 
increase the hygroscopicity of dust particles, whereas the formation of sulfate did not.429 This 1865 
observation can be explained by the fact that Ca(NO3)2 is more hygroscopic than CaSO4.
217,357  1866 
 1867 
Tobo et al.431,432 collected Asian dust particles around Japan Islands and analyzed them by SEM-1868 
EDX. They 432 found that substantial amount of chloride was found on Ca-rich particles, and these 1869 
particles existed in an amorphous state and were nearly spherical even under high vacuum. 1870 
Consequently, Tobo et al.432 proposed that in remote marine troposphere where the concentrations 1871 
of reactive nitrogen species are typically very low, heterogeneous reactions with HCl can also 1872 
significantly change the composition and thus hygroscopicity of dust particles. 1873 
 1874 
In another study, Asian dust particles were collected in Trinidad Head (California, USA) after 1875 
long-range transport during three significant dust episodes.427 Two impactors were used in parallel, 1876 
one maintained at ambient RH and the other one maintained at a lower RH of 55%.427 Elemental 1877 
analysis of collected samples using synchrotron X-ray fluorescence suggested that the elemental 1878 
(Al, Si, and Fe) mass distributions all shifted toward smaller sizes as the RH was reduced.427 This 1879 
may indicate that mineral dust particles transported from Asia to the west coast of the United States 1880 
is somewhat more hygroscopic upon its arrival, and it was tentatively attributed to the formation 1881 
of sulfate coatings on dust particles.427 1882 
 1883 
Most of studies which investigated the hygroscopicity of ambient dust particles require collection 1884 
of dust particles followed by offline analysis. In an airborne field campaign in West African, 1885 
aerosol properties in a layer between 1300 and 3000 m were measured during the passage of a 1886 
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mesoscale convective system (MCS).430 After passage of the MCS, a significant increase in CCN 1887 
fraction was observed together with higher contribution of sulfate, nitrate, and chloride to the total 1888 
aerosol mass.430 A mesoscale model was used to interpret the results, and it was concluded that 1889 
cloud processing during the MCS could enhance the formation of soluble materials associated with 1890 
dust particles and therefore enhance their CCN activity.430 In another study, Kim and Park 433 1891 
measured the hygroscopicity of Asian dust aerosol particles using a system similar to H-TDMA. 1892 
They 433 found that dust aerosol particles transported to Korea exhibited enhanced hygroscopicity 1893 
compared to fresh aluminum silicate and calcium carbonate, due to heterogeneous reactions and 1894 
cloud processing. More recently, it is suggested that the CCN activity of Saharan dust aerosol 1895 
particles transported to Netherlands were significantly increased due to heterogeneous reactions 1896 
with anthropogenic pollutants.267 1897 
 1898 
However, not all the field measurements conclude that after long-range transport in the troposphere, 1899 
the hygroscopicity of mineral dust aerosol particles will be significantly enhanced. Massling et 1900 
al.428 measured the hygroscopic growth of 1 μm (dry diameter) particles off the coats of Japan, 1901 
Korea, and China in spring 2001 during the ACE-Asia study. It is found that for all continentally 1902 
influenced air masses, 1 μm particles can be classified as two groups according to their hygroscopic 1903 
growth factors at 90% RH: one with growth factors of around 1.0 and the other one with a growth 1904 
factors of ~2.19,428 435,436The first one was suggested to be representative of dust particles, and the 1905 
second one appears to be similar to sea spray particles.437 This study may indicate that the change 1906 
in hygroscopicity of Asian dust particles after long-range transport can be very small, though lack 1907 
of particle composition measurements makes it difficult to draw more convincing conclusions. A 1908 
recent field campaign in Fajardo, Puerto Rico found that supermicron African dust particles, after 1909 
being transported across the Atlantic in summertime, did not show significant change in 1910 
hygroscopic properties.434 Measurements of chemical composition suggest that most of mineral 1911 
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dust was chemically unprocessed and externally mixed, and only a minor portion of mineral dust 1912 
was internally mixed with sulfate and/and chloride.434 In addition, Kaaden et al.438 measured the 1913 
hygroscopic growth of aerosol particles at Tinfou, Morocco, and found that particles larger than 1914 
720 nm were completely hydrophobic. The hygroscopic growth of aerosol particles at Cape Verde 1915 
was investigated by Schladitz et al.,439 who found that the κ value was almost 0 for particles with 1916 
volume equivalent diameters of >250 nm. Both studies 438,439 seem to suggest that Saharan dust 1917 
particles they detected are largely hydrophobic; nevertheless, both measurements are very close to 1918 
source regions and therefore it is highly likely that those dust particles have not aged much in the 1919 
atmosphere and my not have been exposed very much to acidic gases. 1920 
 1921 
Discrepancies reported by the aforementioned field measurements of hygroscopicity of mineral 1922 
dust particles may due to their different exposure histories (and thus the effective aging extents) 1923 
and their variations in mineralogy. Several single particle studies 159,245,429,432,440 seem to indicate 1924 
that the major components of hygroscopic aged dust particles could be carbonates (e.g., calcite and 1925 
dolomite), which can undergo rapid reactions with acidic trace gases, leading to the formation of 1926 
very hygroscopic salts, such as Ca(NO3)2 and CaCl2. The only solid conclusion which can be 1927 
drawn up to now is that some dust particles can be converted to aqueous droplets after long-range 1928 
transport, but it is still unclear to which extent the hygroscopicity distribution of mineral dust 1929 
aerosol particles will change during their residence time in the troposphere.  In addition, there will 1930 
be a very strong dependence on the mineralogy as noted above. 1931 
4.11 Summary 1932 
4.11.1 Fresh dust particles 1933 
Table 13 summarizes CCN activity, as represented by κ, of CaCO3, ATD, illite, kaolinite, 1934 
montmorillonite, and African and Asian dust particles reported in previous studies. Only studies 1935 
using dry-generated aerosol particles are included, because wet-generation may enhance the CCN 1936 
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activity of dust particles.49,256,259,262,263 In order for simple and direct comparison, CCN activity 1937 
measurements interpreted using the FHH adsorption activation theory are not included, but they 1938 
have been discussed in previous subsections. Garimella et al.259 provided an intercomparison of 1939 
measured critical super-saturations as a function of particles diameter for several types of dry-1940 
generated mineral dust particles. H-TDMA measurements have also been used to derive κ; 1941 
however, these measurements can be significantly influenced by the non-sphericity of dust 1942 
particles. Therefore, Table 13 does not include H-TDMA measurements. 1943 
 1944 
Table 13. Summary of single hygroscopicity parameter (κ) of CaCO3, ATD, illite, kaolinite, 1945 
montmorillonite, and African and Asian dust particles reported in previous studies. Only studies in which 1946 
the CCN activity of dry-generated mineral aerosol particles were measured are included. 1947 
mineral reported κ reference 
CaCO3 0.0008-0.0018 Sullivan et al., 2010 256 
0.0019±0.0007 Zhao et al., 2010 264 
0.0013-0.0033 Tang et al., 2015 357 
ATD ~0.025 Koehler et al., 2009 46 
~0.003 Herich et al., 2009 49 
0.002 Sullivan et al., 2010 261 
0.0042 Sullivan et al., 2010 375 
0.017 Yamashita et al., 2011 376 
0.0041 Garimella et al., 2014 259 
illite 0.002-0.003 Herich et al., 2009 49 
0.0072 Garimella et al., 2014 259 
kaolinite ~0.001 Herich et al., 2009 49 
montmorillonite ~0.003 Herich et al., 2009 49 
0.0088 Garimella et al., 2014 259 
North African dust 0.01-0.08 Koehler et al., 2009 46 
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Saharan dust 0.023 Herich et al., 2009 49 
Chinese dust 0.007 Herich et al., 2009 49 
Asian dust 0.014 Yamashita et al., 2011 376 
 1948 
κ values given in Table 13 reveal that there is fairly good agreement between previous studies. It 1949 
appears that the CCN activity of CaCO3, ATD, illite, kaolinite, and montmorillonite particles is 1950 
very low and can be described with a κ value of less than 0.01. Authentic dust samples collected 1951 
in Africa and Asia show somehow slightly higher κ value, probably because those samples contain 1952 
more soluble components which increase their CCN activity. 1953 
 1954 
In this section, we have compared measurements carried out under sub-saturation conditions using 1955 
particles supported on substrates and those using aerosol particles performed under sub- and super-1956 
saturations conditions. Despite experimental and theoretical issues which can make such 1957 
comparisons difficult (as discussed in Sections 2-3), reasonably good agreement has been found 1958 
for CaCO3, SiO2, TiO2 , Al2O3, and Fe2O3. On the other hand, as discussed in Sections 4.2-4.5, 1959 
large discrepancies exist between studies using aerosol particles and those using particles 1960 
supported on substrates for ATD, illite, kaolinite, and montmorillonite, and surface coverages of 1961 
adsorbed water interpreted from measurements using aerosol particles are much lower. Even 1962 
among studies which used very similar sample preparation methods and experimental techniques, 1963 
significant disagreement are also observed for some clay minerals, with illite as an example shown 1964 
in Figure 18b. 1965 
 1966 
In experiments in which particles were supported on substrates, normally a slurry of dust particles 1967 
in a solvent (e.g., water, methanol, or ethanol) was deposited on the supporting substrates to form 1968 
a film. We speculate that though this type of sample preparation methods may not lead to 1969 
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substantial change in physicochemical properties for relative simple minerals such as Al2O3 and 1970 
SiO2, it has the potential to cause some artifacts for clays and authentic dust samples. The effects 1971 
of different sample preparation menthods needs to be carefully and systematically examined in 1972 
future studies. 1973 
 1974 
The interactions of mineral dust particles with water vapor at temperatures above the onset of ice 1975 
nucleation can influence their heterogeneous reactivity, hygroscopic growth, and CCN activity; 1976 
therefore, a better understanding of these interactions is very important. Efforts are required to 1977 
reduce the existing large discrepancies among different studies. In a well-coordinated 1978 
collaboration, same mineral dust samples can be distributed to different groups which may use a 1979 
variety of experimental techniques to study their interactions with water vapor, and reported results 1980 
can be directly compared in order to find out the advantages and limitations of different experiment 1981 
techniques. Very recently a similar campaign has been successfully carried out to investigate the 1982 
ice nucleation activity of illite particles,441 and similar actions will also definitely be beneficial for 1983 
investigation of water adsorption, hygroscopicity, and CCN activity of mineral dust particles. 1984 
 1985 
Compared to the κ-Köhler theory, the FHH theory is less used to interpret the hygroscopic growth 1986 
and CCN activity of mineral dust particles. The two FHH parameters (AFHH and BFHH) reported for 1987 
mineral dust particles, are compiled in Table 14. Direct comparison of hygroscopicity or CCN 1988 
activity from the two FHH parameters is difficult, and interested readers can calculate the surface 1989 
coverage of adsorbed water as a function of RH,  using Eqs.  (10) or (20). 1990 
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Table 14. Summary of AFHH and BFHH parameteres of mineral dust particles reported in the literature. 1991 
mineral sample preparation method AFHH BFHH reference 
CaCO3 dry-generated aerosol particles 3.00±0.04 1.30±0.03 Kumar et al., 2011 262 
wet-generated aerosol particles 1.74 1.22 Kumar et al., 2011 263 
ATD dry-generated aerosol particles 2.96±0.03 1.28±0.03 Kumar et al., 2011 262 
illite dry-generated aerosol particles 1.02±0.38 1.12±0.04 Kumar et al., 2011 262 
wet-generated aerosol particles 3.00 1.27 Kumar et al., 2011 263 
particles supported on substrates 75±17 1.77±0.11 Hatch et al., 2014 348 
kaolinite particles supported on substrates 1.70 2.25 Hung et al., 2015 270 
montmorillonite dry-generated aerosol particles a 2.06±0.72 1.23±0.04 Kumar et al., 2011 262 
dry-generated aerosol particles b 1.23±0.31 1.08±0.03 Kumar et al., 2011 262 
wet-generated aerosol particles a 1.09 1.04 Kumar et al., 2011 263 
wet-generated aerosol particles b 0.87 1.00 Kumar et al., 2011 263 
particles supported on substrates 98±22 1.79±0.11 Hatch et al., 2014 348 
particles supported on substrates 1.25 1.33 Hung et al., 2015 270 
SiO2 dry-generated aerosol particles 2.95±0.05 1.36±0.03 Kumar et al., 2011 262 
 1992 
a: Ca-montmorillonite; b: Na-montmorillonite1993 
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It is noteworthy that most of the previous measurements have only been performed at around room 1994 
temperature, near 295 K. However, the relevant temperatures in the troposphere range 1995 
approximately from 200 to 300 K, and mineral dust particles mainly exist in the free troposphere 1996 
where the temperature is much lower than room temperature. Therefore, the effects of temperature 1997 
on the water adsorption, hygroscopicity, and CCN activity of mineral dust particles, which have 1998 
been seldom examined, deserve further investigation. 1999 
4.11.2 Aged dust particles 2000 
Due to numerous studies over the last 1-2 decades, it is widely recognized that heterogeneous 2001 
reactions, mostly through the formation of more soluble materials (although sometimes insoluble 2002 
compounds can also be formed), can lead to significant enhancement of water adsorption, 2003 
hygroscopicity, and CCN activity of mineral dust particles. Nevertheless, most of previous studies 2004 
are either rather qualitative or their direct atmospheric relevance is lacking. Further research, which 2005 
are carried out at atmospherically relevant conditions to quantitatively understand the effects of 2006 
atmospheric chemical transformation, will be very helpful. 2007 
 2008 
Most of previous studies on the atmospheric aging effects focuses on CaCO3, probably the most 2009 
reactive mineral contained by tropospheric dust aerosol particles. It is recommended that future 2010 
studies should also examine the effect of aging processes for more abundant clay minerals and 2011 
authentic dust samples which have more direct relevance for tropospheric dust aerosol particles. 2012 
5 Effects of chemical aging on ice nucleation activity of mineral dust particles 2013 
The formation of ice crystals in clouds is of particular scientific interest, because more than 50% 2014 
of the global precipitation is initiated via the ice phase.442 Ice formation may occur in clouds 2015 
through both homogeneous and heterogeneous ice nucleation. Different ice nucleation 2016 
mechanisms are depicted in Figure 35.443 Homogeneous ice nucleation requires the temperature to 2017 
be lower than -36 oC,167,444 while heterogeneous ice nucleation can occur at higher 2018 
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temperature.167,445,446 Heterogeneous ice nucleation can be classified into four modes:167 1) 2019 
deposition nucleation, which occurs on particles in the absence of the formation of liquid water 2020 
(below water saturation); 2 and 3) condensation freezing and immersion freezing: ice formation 2021 
occurs either during the simultaneous action of IN as CCN (condensation freezing) or during the 2022 
subsequent lifting and cooling of cloud droplets containing insoluble particles (immersion 2023 





Figure 35. Illustration of homogeneous nucleation and heterogeneous nucleation mechanisms. 2028 
Heterogeneous nucleation can occur via deposition nucleation, concensation freezing, immeriosn freezing, 2029 
and contact freezing.Reprinted with permission from ref 443 by Freedman. Copyright 2011 American 2030 
Chemical Society. 2031 
 2032 
Mineral dust particles may be the most abundant IN in the troposphere,58,74,75 and the ice nucleation 2033 
activity of fresh mineral dust particles (and also other types of aerosol particles) has been recently 2034 
discussed in several excellent review papers.140,167,237,238,447,448 In the last several years, numerous 2035 
laboratory studies have suggested that atmospheric aging processes can substantially change the 2036 
ice nucleation activity of mineral dust particles, as will be discussed here. Hoose and Möhler 238 2037 
briefly summarized the effect of atmospheric chemical reactions on the IN activity of mineral dust 2038 
particles and below we expand on this discussion. 2039 
 2040 
The impacts of change in IN activity due to atmospheric aging processes have been supported by 2041 
several modeling studies. For example, using parameterizations based on their laboratory 2042 
measurements, Kulkarni et al.449 simulated the influence of particle coatings on the ice crystal 2043 
number concentration and the ice water content in clouds over the Southern Great Plain (SGP) site 2044 
near Lamont, Oklahoma, USA. As shown in Figure 36a, under water sub-saturation conditions 2045 
where only deposition nucleation is possible, the modeled monthly mean ice crystal number for 2046 
the coated case (aged dust particles) was about one order of magnitude lower than the uncoated 2047 
case (fresh dust particles).449 Under water super-saturation conditions (Figure 36b), both the 2048 
simulated ice crystal number and ice water content are higher in the uncoated case than in the 2049 
coated case;449 the difference between them in regions with pressure <600 hPa is significantly 2050 
smaller,449 and this is partly due to that the difference between the IN activity of uncoated and 2051 
coated dust particles (illite in this case) is smaller at lower temperatures.449 Girard et al.450 used the 2052 
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Global Multiscale Environmental Model to assess the potential influence of acid coatings on cloud 2053 
and radiation processes in the Arctic during January and February 2007. Their modeling results 450 2054 
suggest that acid coating on dust particles may have significant impacts on cloud microphysics 2055 
and radiation over the Central Arctic. More specifically, modification in the cloud microstructures, 2056 
due to acid coating, could change the radiation at the top of the atmosphere by 0 and -6 W m-2 over 2057 
the region which is covered by the Arctic air masses.450 2058 
 2059 
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Figure 36.  Modeled monthly mean profiles of the ice crystal number concentration (NUMICE) and ice 2060 
water content (IWC) over the SGP site in (a) deposition ice nucleation mode and (b) 2061 
condensation/immersion freezing mode. Reprinted with permission from ref 449. Copyright 2014 John 2062 
Wiley & Sons, Inc. 2063 
 2064 
In this section, we have taken a comprehensive approach to review laboratory studies on the 2065 
potential effects of atmospheric aging processes on the IN activity of mineral dust particles. This 2066 
section is divided into several subsections, according to the types of coatings formed on dust 2067 
particles and/or the trace gases used to react with dust particles to form these coatings. 2068 
5.1 Sulfate coating and exposure to SO2 2069 
Table 15 summarizes previous laboratory studies which investigated the efffects of sulfate coating 2070 
and reaction with SO2 on the IN activity of mineral dust particles. Previous studies were mainly 2071 
focused the influence of H2SO4 and (NH4)2SO4 coating on the IN activity of mineral dust particles, 2072 
and only one study 451 explored the impact due to the heterogeneous reaction with SO2. 2073 
 2074 
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Table 15. Summary of laboratory studies on the effects of chemical aging processes on the IN activity of mineral dust particles: sulfate coatings and 2075 
reaction with SO2 2076 
coating or trace 
gases used to 
form coating 
mineral dust ice nucleation mode references major finding 
H2SO4 aluminum oxide, 
alumina-silicate, 
iron oxide 
deposition Archuleta et al. 
452 
H2SO4 coating largely reduced the IN activity of alumina-silicate 
particles, had no significant impact for aluminium oxide particles, 
and may increase the IN activity of iron oxides. 
ATD deposition Knopf and Koop 
453 
No significant difference in IN activity was observed between fresh 
and H2SO4-coated ATD particles in the deposition nucleation mode. 
ATD, illite deposition, 
immersion, 
condensation  
Cziczo et al.219 H2SO4 coating reduced the IN activity of ATD and illite particles, 
and the extent of reduction depended on the coating thickness. 
kaolinite deposition Eastwood et 
al.454 
H2SO4 coating reduced the IN activity of kaolinite particles in the 




deposition Chernoff and 
Bertram 455 
H2SO4 coating substantially reduced the IN activity of illite, 
kaolinite, montmorillonite, and quartz particles. 
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ATD immersion Niedermeier et 
al.456 
H2SO4 coatings could substantially reduce the IN activity of ATD 




Sullivan et al.261 H2SO4 coatings always reduced the IN activity of ATD particles, 
and the extent of decrease was much larger in the deposition 
nucleation mode than in the immersion/condensation freezing 
modes. 
ATD immersion Niedermeier et 
al.221 
Expsoure of H2SO4-coated ATD particles to water vapor resulted in 




Tobo et al.440 H2SO4 coating reduced the IN activity of kaolinite particles in both 
deposition nucleation and immersion/condensation freezing modes. 
kaolinite deposition, immersion Wex et al.457 For immersion freezing, H2SO4 coating (with a thickness of a few 
nm or less) largely reduced the IN activity of Fluka kaolinite but 
did not lead to a significant change for CMS kaolinite. In the 
deposition nucleation mode, for both types of kaolinite particles, 
H2SO4 coating led to a decrease in IN activity at RH <95% but an 









Kulkarni et al.449 H2SO4 coating reduced the IN actitivity of all the dust particles in 
the deposition nucleation modes, but its effects were not observable 
in the immersion/condensation freezing modes. 
kaolinite, 
montmorillonite 
deposition Sihvonen et al.458 Treatments of kaolinite and montmorillonite with H2SO4 led to 
compositional and structural changes of the surfaces, causing 




Bauditz et al.459 
H2SO4 coating could reduce the IN activity (in the immersion 
freezing mode) of all the dust particles under investigation, and the 
largest effect was obserevd for feldspar. 
 (NH4)2SO4 ATD, illite deposition, 
immersion, 
condensation  
Cziczo et al.219 (NH4)2SO4 coatings could reduce the IN activity of ATD and illite 
particles, and the extent of reduction depended on the coating 
thickness. 
kaolinite deposition Eastwood et 
al.454 
 (NH4)2SO4 coating reduced the IN activity of kaolinite particles in 
the deposition nucleation mode, though the effects appeared to be 
less significant compared to H2SO4. 
ATD immersion Niedermeier et 
al.456 
 (NH4)2SO4 coatings could substantially reduce the IN activity of 
ATD particles in the immersion freezing mode. Compared to 





Sullivan et al.261 In the immersion/condensation freezing modes, exposure of H2SO4-
coated ATD particles to NH3 would further suppress the IN activity. 
ATD immersion Niedermeier et 
al.221 
Expsoure of ATD particles to H2SO4 followed by NH3 led to a 
signficant reduction in IN activity, compared to fresh particles. 
NH4HSO4 illite, kaolinite, 
montmorillonite, 
quartz 
deposition Chernoff and 
Bertram 455 
NH4HSO4 coatings substantially reduced the IN activity of illite, 
kaolinite, montmorillonite, and quartz particles, and the effects 
varied with temperature. 
SO2 montmorillonite deposition Salam et al.451 After exposure to pure SO2 for 2.5 h or 45 ppmv SO2 for 70 h at 
~0% RH, no significant change in IN activity in the deposition 
nucleation mode was observed for montmorillonite. 
2077 
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5.1.1 Sulfate coating 2078 
Archuleta et al.452 measured the ice nucleation activity of fresh and H2SO4-coated submicron 2079 
aluminium oxides, alumina-silicate, and iron oxide particles under deposition nucleation mode 2080 
conditions between -60 and -45 oC, and found that H2SO4 coating influenced the IN activity of 2081 
different minerals in different ways. For example, although the coating had no significant impact 2082 
for aluminium oxide particles, it largely reduced the IN activity of alumina-silicate particles.452 2083 
For iron oxides, H2SO4 coatings statistically reduced the required RHi (relative humidity with 2084 
respect to ice) to freeze for iron oxides;452 in other words, the H2SO4 coating may increase the IN 2085 
activity of iron oxides. 2086 
 2087 
IN activity of fresh and coated ATD and illite aerosol particles were investigated in deposition 2088 
nucleation, immersion freezing, and condensation freezing modes by Cziczo et al.,219 using the 2089 
Aerosol Interactions and Dynamics in the Atmosphere (AIDA) chamber in Karlsruhe, Germany. 2090 
It was found 219 that coating with H2SO4 or (NH4)2SO4 would largely reduce the IN activity of 2091 
ATD particles, and that the super-saturations required by freezing coated ATD particles often 2092 
approached those for homogeneous freezing of aqueous H2SO4 and  (NH4)2SO4 solution alone. 2093 
Inhibition of ice nucleation by H2SO4 and (NH4)2SO4 coatings was also observed for illite particles, 2094 
though the effect was smaller compared to ATD particles.219 In addition, they 219 observed that 2095 
dust particles coated with less material were activated earlier than those coated with more material, 2096 
suggesting that the amount of coating determines to which extent the IN activity of dust particles 2097 
is reduced. Another study by Niedermeier et al.456 suggested that H2SO4 and (NH4)2SO4 both could 2098 
significantly reduce the IN activity of ATD particles in the immersion freezing mode (233.15-2099 
239.15 K), and the effect of (NH4)2SO4 coating is more significant than H2SO4. In contrast, an 2100 
earlier study by Knopf and Koop 453 did not observe significant difference in the ice nucleation 2101 
ability between fresh and H2SO4-coated ATD particles in the deposition nucleation mode. 2102 
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 2103 
Eastwood et al.454 investigated the deposition nucleation properties (represented by ice nucleation 2104 
onset conditions, defined as the RHi and temperature at which the first ice nucleation event was 2105 
observed) of fresh and coated kaolinite particles over 233-246 K. As shown in Figure 37, it was 2106 
found that H2SO4 coatings drastically reduced the ice nucleating ability of kaolinite particles, 2107 
increasing the RHi required for ice nucleation by approximately 30% across the entire temperature 2108 
range they investigated.454 On the other hand, the decease of ice nucleation activity due to 2109 
(NH4)2SO4 coating was much smaller at 245 K compared to that at 236 K.
454 Tobo et al.440 also 2110 
suggested that H2SO4 coating reduced the IN activity of kaolinite aerosol particles for both 2111 
deposition nucleation and immersion/condensation freezing modes for temperature between -34 2112 
to -26 oC. 2113 
 2114 
Figure 37.  Summary of ice nucleation onset conditions for uncoated, H2SO4-, and (NH4)2SO4-coated 2115 
kaolinite particles. The error bars represent 95% confidence intervals based on at least six measurements 2116 
per data point. Reprinted with permission from ref 454. Copyright 2009 John Wiley & Sons, Inc. 2117 
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 2118 
The effects of H2SO4 and NH4HSO4 coatings on the IN activity of several mineral dust particles 2119 
in the deposition nucleation mode from 234-247 K were examined by Chernoff and Bertram.455 2120 
They 455 found that H2SO4 coatings increased the onset RHi (and thus reduced the IN activity) by 2121 
∼30% for kaolinite and illite and ~20% for montmorillonite and quartz. Additionally, it was found 2122 
by Chernoff and Bertram 455 that NH4HSO4 coatings also impair the IN activity of kaolinite 2123 
particles, increasing the onset RHi by 18-26%, depending on the temperature under which the ice 2124 
nucleation occurred. 2125 
 2126 
Sullivan et al.261 investigated the change in ice nucleation properties of 300 nm ATD particles (in 2127 
both deposition nucleation and immersion/condensation freezing modes) after being exposure to 2128 
H2SO4 alone or H2SO4 followed by NH3, and some representative results are shown in Figure 38. 2129 
Several conclusions have been drawn by this study:261 i) heating of ATD particles in a thermal 2130 
denuder up to 200 oC did not lead to significant change in their IN activity; ii) H2SO4 coating 2131 
always reduced the IN activity of ATD, compared to fresh particles, and the extent of decrease is 2132 
much larger in the deposition nucleation mode than the immersion/condensation freezing modes; 2133 
iii) heating the H2SO4-coated ATD particles further decreased IN activity in the 2134 
immersion/condensation freezing mode, probably because heating may accelerate the reaction of 2135 
coated H2SO4 with ATD particle surface; and iv) in the immersion/condensation freezing modes, 2136 
subsequent exposure of H2SO4-coated ATD particles to NH3 would further suppress the IN activity.  2137 
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 2138 
Figure 38.  Measured fractions of 300 nm fresh and aged ATD particles which were activated to ice crystals 2139 
at -30 oC as a function of RH. Black curve:  untreated ATD; red curve: ATD heated in the thermodenuder 2140 
(TD) at 250 oC; green curve: ATD coated with sulphuric acid; blue curve: ATD coated with sulfuric acid 2141 
and then heated in the TD at 250 oC. In the region (RH >107%) covered by the grey box, measurements 2142 
were not reliable because droplets could survive in the evaporation region (of the ice nuclei counter) and 2143 
therefore could not be distinguished from ice crystals. Reprinted with permission from ref 261. Copyright 2144 
2010 Copernicus Publications. 2145 
 2146 
Using an Aerosol Mass Spectrometer and an Aerosol Time of Flight Mass Spectrometer, Reitz et 2147 
al.220 simultaneously measured the composition of H2SO4-coated ATD particles (the IN activity of 2148 
which were studied by Sullivan et al.261), and found that condensation of H2SO4 vapor onto ATD 2149 
particles not only resulted in the formation of a H2SO4 coating on the particle surface but also led 2150 
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to reactions which produced metal (including Na, K, Mg, Al, and etc.) sulfate, ammonium metal 2151 
sulfate, and ammonia sulfate on the surface. These surface modifications may be responsible for 2152 
that observed decrease in IN activity of ATD particles.220 In the same campaign as Sullivan et al.261 2153 
and Reitz et al.,220 Niedermeier et al.221 found that additional exposure of H2SO4-coated ATD 2154 
particles to water vapor could further strongly reduce their IN activity, and this may be caused by 2155 
that the presence of water could accelerate the chemical reaction of H2SO4 coating with particle 2156 
surface, leading to further depletion of ice nucleation active sites on the surface. 2157 
 2158 
Using the Leipzig Aerosol Cloud Interaction Simulator, Augustin-Bauditz et al.459 measured the 2159 
IN activity of fresh (with mobility diameters of 300 nm) and H2SO4-coated dust particles in the 2160 
immersion freezing mode. As shown in Figure 39, H2SO4 coating could reduce the IN activity of 2161 
all the dust particles (including feldspar, ATD, illite, and kaolinite) from around -38 oC to -32 oC, 2162 




Figure 39.  Measured ice nucleation fractions of (a) uncoated particles and (b) particles coated with sulfuric 2166 
acid (circles: coating at 70 oC; squares: coating at 80 oC). Reprinted with permission from ref 459. Copyright 2167 
2014 John Wiley & Sons, Inc. 2168 
 2169 
Sihvonen et al.458 found that the treatment with H2SO4 could cause reduction in IN activity for 2170 
kaolinite and illite particles in the deposition nucleation mode. They 458 also used X-ray diffraction, 2171 
TEM, and inductively coupled plasma-atomic emission spectroscopy to measure the physical and 2172 
chemical changes of dust particle treated with H2SO4. Formation of new products and structural 2173 
change of the surface were observed, both probably explaining the suppression of IN activities 2174 
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after treatment with H2SO4.
458 This study 458 shows the importance of post-analysis of modified 2175 
dust particles to better understand the impact of chemical processing on IN activity. 2176 
 2177 
Kulkarni et al.449 studied the IN activity of 200 nm fresh and H2SO4-coated ATD, illite, 2178 
montmorillonite, K-feldspar, and quartz particles as a function of temperature (-35 to -25 oC) and 2179 
RH (75-110%). It was found 449 that H2SO4 coating led to reduction in IN activity of all five 2180 
different types of dust particles in the deposition nucleation mode; nevertheless, its effect under 2181 
water-super-saturation conditions (i.e. in immersion/condensation freezing modes) was not 2182 
observable for any type of dust particles.449 X-ray diffraction measurements showed that coating 2183 
dust particles with H2SO4 changed the surface crystalline nature and resulted  in surface structural 2184 
disorders.449 Therefore, it was further concluded that the suppression of IN activity of dust particles 2185 
in the deposition freezing mode due to H2SO4 coating was caused by the lack of structured order 2186 
of the surface after treatment with H2SO4.
449 2187 
 2188 
The effect of H2SO4 (with a thickness of a few nm or less) on the IN activity of two different types 2189 
of kaolinite particles was investigated by Wex et al.457 in the deposition nucleation and immersion 2190 
freezing mode. For immersion freezing, while H2SO4 substantially reduced the IN activity of Fluka 2191 
kaolinite particles, it did not lead to significant change to Clay Mineral Society kaolinite.457 The 2192 
following explanation was provided:457 Fluka kaolinite contained K-feldspar which is very IN 2193 
active 141 but the other type of kaolinite did not, and H2SO4 coating could efficiently react with K-2194 
feldspar and thus largely reduce its IN activity. Under water sub-saturation conditions, H2SO4 2195 
coating suppressed the ice nucleation of kaolinite particles for RH <95% while a significant 2196 
increase in ice nucleation activity was observed for RH >95%.457 For RH in the range of 95-100 %, 2197 
H2SO4 coating kaolinite particles may become aqueous droplets with solid inclusion, and therefore 2198 
immersion freezing actually dominated over deposition freezing.457 2199 
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 2200 
Though many studies have shown that sulfate coating could significantly modify the IN activity 2201 
of mineral dust particles, fundamental understanding of deactivation mechanisms on the molecular 2202 
level is lacking. Yang et al.460 explored why sulfuric acid coatings influence the IN activity of 2203 
mineral dust particles. They 460 probed the structure of water at the interface between mica (used 2204 
as a surrogate as dust particles) and aqueous D2SO4 solutions of different concentrations using sum 2205 
frequency generation vibrational spectroscopy. In this study 460 deuterated water and sulfuric acid 2206 
were used to avoid the overlap with the IR absorption peak of mica at 3620 cm-1.461 The spectra of 2207 
interfacial D2O molecules show two peaks at around 2375 and 2550 cm
-1. These two peaks are 2208 
sometimes called the “ice-like” and the “liquid-like” peaks, because their peak positions are similar 2209 
to those of bulk ice and liquid water, respectively.286,462 It is usually believed that the interfacial 2210 
water molecules observed by SFG are more ordered than those in the bulk because SFG is largely 2211 
depressed in a disordered medium.463 As shown in Figure 40, Yang et al.460 found that when the 2212 
concentration of D2SO4 in the aqueous solution increased from 0 to 5 M, the two peaks at  2375 2213 
and 2550 cm-1 both gradually disappeared. 2214 
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 2215 
Figure 40.  SFG spectra of D2O/mica interfaces with D2SO4 concentrations of (a) 0, (b) 5 × 10-6, (c) 5 × 10-2216 
5, (d) 5 × 10-4, (e) 0.005, (f) 0.05, (g) 0.5, and (h) 5 M. The inset shows the schematic layout of the 2217 
spectroscopic setup. Reprinted with permission from ref 460. Copyright 2011 American Chemical Society. 2218 
 2219 
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The observation shown in Figure 40 is interpreted as the reduction of ordered water structures at 2220 
the interface with increasing D2SO4 concentrations.
460 It was further suggested by Yang et al.460 2221 
that IN activity is correlated with the presence of structured water at the interface. The reduction 2222 
in ordered water structure was due to the combination of several factors,460 including i) reduced 2223 
mica surface potential at low pH, ii) adsorption of sulfate on mica surface, iii) decrease of free 2224 
water molecules at higher H2SO4 in the aqueous solution. Though it has provided fundamental 2225 
insights into the structure of the mineral-aqueous solution interface, the study by Yang et al.460 was 2226 
carried at room temperature instead of those at which ice nucleation may occur. 2227 
 2228 
Very recently second harmonic generation spectroscopy has been used to monitor the mineral-2229 
water interface during the occurrence of immersion freezing in an in-situ and online manner.464 2230 
Local ordering of water on the mica (which provides a good ice nucleating surface) was observed 2231 
by SFG during cooling down to the freezing point;464 in contract, no significant change in water 2232 
structure at sapphire (which is a poor ice nucleator) surface was observed during cooling.464 This 2233 
is supported by a recent molecular dynamics simulation study,465 suggesting that layering and 2234 
ordering of interfacial liquid water are critical to heterogeneous nucleation of ice. This novel 2235 
application developed by Abdelmonem et al.464 has a great potential to help understand how 2236 
heterogeneous ice nucleation occurs in general and more specifically how chemical aging alters 2237 
the IN activity at the molecular level. 2238 
5.1.2 Exposure to SO2 2239 
To our knowledge only one previous study 451 explored the effect of SO2 exposure on the IN 2240 
activity of mineral dust particles. No significant change in deposition ice nucleation efficiency was 2241 
observed for montmorillonite particles after being exposed to pure SO2 for 2.5 h or 45 ppmv SO2 2242 
for 70 h at room temperature and ~0% RH.451 2243 
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5.2 Organic coatings 2244 
Several previous studies have investigated how organic coatings can alter the IN activities of 2245 
mineral dust particles, and an overview of these studies is provided in Table 16. 2246 
 2247 
  2248 
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Table 16. Summary of laboratory studies on the effects of chemical aging processes on the IN activity of mineral dust particles: organic coatings, 2249 
and reactions with HNO3, NH3, and O3. 2250 
coating or trace 
gases used to 
form coating 
mineral dust ice nucleation 
mode 
references major finding 
organic coating ATD, kaolinite deposition, 
immersion, 
condensation  
Möhler et al.466 Organic coating formed by ozonolysis of α-pinene could 
substantially reduced the IN activity of ATD and illite particles, 
and the extent of decrease depended on the coating thickness.  
ATD immersion Niedermeier et 
al.456 
ATD particles coated with succinic acid had lower IN activity in 




Tobo et al.,440 Levoglusocan coating significantly reduced the IN activity of 
kaolinite particles in the deposition nucleation mode, while its 




Wex et al.,457 In the immersion freezing mode, neither succinic acid or 
levoglusocan changed the IN activity of kaolinite particles. In the 
deposition nucleation mode, both organic coatings suppressed the 
IN activity of kaolinite particles for RH below 95%, while a 
significant increase in IN activity was observed for RH >95%. 
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HNO3 ATD deposition, 
immersion, 
condensation 
Sullivan et al.375 In the immersion/condensation freezing modes, exposure to 
HNO3(g) has no significant impact on IN activity. For RH <97%, 
heterogeneous reaction with HNO3(g) significantly reduced the 
IN activity of ATD particles; while around the RH of 97-100 % 
no significant difference in IN activity was observed between 
fresh and aged particles 
kaolinite and 
montmorillonite 
deposition Sihvonen et 
al.458 
In the deposition nucleation mode, treatment with HNO3 reduced 
the IN activity of kaolinite but did not significantly affect the ice 









In deposition nucleation mode, aged dust particles, except quartz, 
showed reduced IN activity compared to fresh particles. In the 
immersion/condensation freezing modes, fresh and aged dust 
particles exhibited equivalent IN activity. 
NH3 montmorillonite deposition Salam et al.468 Exposure to pure and 25 ppmv NH3 could enhance the IN activity 
of montmorillonite particles in the deposition nucleation mode. 
 montmorillonite deposition Salam et al.451 Exposure to ~100 pptv NH3 for 70 h increased the ice nucleation 
efficiency of montmorillonite by a factor of ~2. 
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O3 montmorillonite deposition Salam et al.451 Exposure of montmorillonite to 200 ppbv O3 for 70 h at room 
temperature and at 0% RH did not significantly change the IN 





Kanji et al.,469 The change in IN activity after exposure to O3 was found to be 




The ice nucleation activity (in deposition and immersion/condensation freezing modes) of ATD 2252 
and kaolinite aerosol particles with and without secondary organic matter (SOM) coating formed 2253 
by the ozonolysis of α-pinene was investigated using the AIDA chamber at 205-210 K.466 It was 2254 
found that the SOM coating could substantially suppress the IN activity of both ATD and illite 2255 
particles, and the suppression extent depended on the thickness of the coating.466 Almost all the 2256 
fresh ATD and illite particles with diameters of 0.1-1.0 μm were efficient deposition mode IN at 2257 
RHi between 105 and 120%.466 However, if coated with 17 wt% SOM, only ~20% of ATD 2258 
particles were activated to ice crystals at RHi between 115 and 130%;466 and only 10% of illite 2259 
particles were ice-active at RHi between 160 and 170%, if coated with 41 wt% SOM.466 In another 2260 
study by Niedermeier et al.,456 ATD particles coated with succinic acid were found to have lower 2261 
IN activity in the immersion freezing mode (233.15-239.15 K), compared to fresh ATD particles. 2262 
 2263 
Figure 41.  Fractions of 700 nm kaolinite particles which were activated to ice particles at -34 (circles), -2264 
30 (triangles), and -26 oC (squares) as a function of RH. (a) fresh kaolinite particles, (b) kaolinite particles 2265 
treated with levoglucosan at 93 oC, and (c) kaolinite particles treated with H2SO4 at 70 oC. Dashed lines 2266 
indicate liquid water saturated conditions. Error bars indicate the standard deviation from multiple 2267 
measurements. Reprinted with permission from ref 440. Copyright 2014 John Wiley & Sons, Inc. 2268 
 2269 
Tobo et al.440 investigated the effects of levoglusocan coating on the IN activity of kaolinite 2270 
particles. As shown in Figure 41, they 440 found that for temperature ranging from -34 to -26 oC, 2271 
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levoglusocan coating significantly reduced the IN activity of kaolinite particles for the deposition 2272 
nucleation mode while its impact was not observable for immersion/condensation freezing modes. 2273 
Wex et al.457 systematically examined how succinic acid and levoglusocan coatings with a 2274 
thickness of a few nm or less could change the IN activity of kaolinite particles in deposition 2275 
nucleation and immersion freezing modes. In the immersion freezing mode, neither organic 2276 
compounds changed the IN activity of kaolinite particles.457 Under water sub-saturation conditions, 2277 
the effect of organic coatings were more complicated:457 i) for RH below 95%, both organic 2278 
coatings were found to suppress the ice nucleation of kaolinite particles; ii) on the other hand, a 2279 
significant increase in ice nucleation activity was observed for RH >95%, probably because in this 2280 
RH range mainly immersion freezing instead of deposition nucleation took place (i.e. coated 2281 
kaolinite particles at RH >95% may become aqueous particles with solid inclusion). 2282 
5.3 Exposure to HNO3 2283 
Nitrate has been frequently observed to internally mixed with mineral dust particles in the 2284 




474-478 and NO3 radicals.
177,479 Nevertheless, only  a 2286 
few studies 375,458,467 have investigated whether and how nitrate coatings could alter the IN activity 2287 
of mineral dust particles, as summarized in Table 16. 2288 
 2289 
The effects of HNO3 exposure on the IN activity of ATD aerosol particles were investigated by 2290 
Sullivan et al.,375 who reacted 200 nm ATD particles with HNO3(g) in an aerosol flow tube at room 2291 
temperature and at different RH and then measured their ice nucleation properties at -30 oC as a 2292 
function of RH. As shown in Figure 42, for RH <97% under which deposition nucleation occurred, 2293 
heterogeneous reaction with HNO3(g) significantly reduced the IN activity of ATD particles;
375 2294 
however, for RH>100% where immersion/condensation freezing dominated, the effect of exposure 2295 
to HNO3(g) was insignificant.
375 In addition, around the RH of 97-100 % no significant difference 2296 
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in IN activity was observed between fresh and coated particles.375 At 97-100 % RH deposition 2297 
nucleation dominated for fresh particles; however, at this RH range aged particles may become 2298 
aqueous particles (due to the formation of nitrate coating) and thus immersion/condensation 2299 
freezing can become the main ice nucleation mechanism. The change in ice nucleation modes 2300 
could cause fresh and aged particles to be activated under similar conditions, though their 2301 
compositions differ. 2302 
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 2303 
Figure 42. Fractions of 200 nm fresh and HNO3-exposed ATD aerosol particles that were activated to ice 2304 
crystals at -30 oC as a function of RH. (a) black curve: no HNO3 exposure; blue curve: HNO3 exposure of 2305 
8 ppbv∙s at 26% RH; red curve: HNO3 exposure of 2087 ppbv∙s at 26% RH. (b) Black curve: no HNO3 2306 
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exposure; blue curve: HNO3 exposure of 8 ppbv∙s at 26% RH; red curve: HNO3 exposure of 8 ppbv∙s at 0% 2307 
RH. In the region covered by the grey box, droplets may interfere with IN measurements and therefore 2308 
these measurement may not be reliable. Reprinted with permission from ref 375. Copyright 2010 John 2309 
Wiley & Sons, Inc. 2310 
 2311 
In addition, exposure to HNO3 at 26% RH, compared to that at 0%, will more significantly reduce 2312 
the deposition nucleation activity of ATD particles for RH<97%,375 as shown in Figure 42. This 2313 
may be explained by the fact that heterogeneous reaction of HNO3 with ATD particles is 2314 
accelerated and thus more particulate nitrate is formed at higher RH.213  2315 
 2316 
Sihvonen et al.458 showed that in the deposition nucleation mode, while treatment with HNO3 2317 
decreased the IN activity of kaolinite, it did not significantly affect the ice nucleation properties of 2318 
montmorillonite. In another study, Kulkarni et al.467 investigated the ice nucleation activity of ATD, 2319 
illite, K-feldspar, and quartz as a function of temperature and RH before and after reaction with 2320 
HNO3. They 
467 found that at subsaturated conditions (i.e. in deposition nucleation mode), aged 2321 
dust particles, except quartz, showed reduced IN activity compared to fresh particles. In contract, 2322 
at super-saturation conditions (i.e. in immersion/condensation freezing modes), fresh and aged 2323 
dust particles exhibited equivalent IN activity.467 2324 
5.4 Exposure to NH3 2325 
As summarized in Table 16, the impacts of heterogeneous reaction with NH3 have been 2326 
investigated by two previous studies.451,468 Salam et al.468 studied the ice nucleation activity of 2327 
NH3-exposed montmorillonite particles under the deposition nucleation mode and provided the 2328 
first experimental evidence that exposure to NH3 could enhance the IN activity of mineral dust 2329 
particles. They 468 suggested that ice nucleation activity of montmorillonite particles increased 2330 
with exposure time to NH3. It was further observed by Salam et al.
468 that compared to fresh 2331 
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montmorillonite particles, the activation temperature (defined as the highest temperature at 2332 
which >1% particles were activated to ice crystals) at RH of 100% and 90% was 15 oC higher for 2333 
particles exposed to pure NH3, and was 5 
oC higher for particles exposed to 25 ppmv NH3. In a 2334 
following study, Salam et al.451 further measured the deposition ice nucleation activity of 2335 
montmorillonite particles after exposed to NH3 of ~100 pptv (a typical atmospheric concentration) 2336 
for 70 h, and found that this exposure increased the ice nucleation efficiency of montmorillonite 2337 
by a factor of around two. 2338 
5.5 Exposure to O3 2339 
The influence of heterogeneous reaction with O3 on the IN activity of mineral dust particles have 2340 
also been explored,451,469 as shown in Table 16. Salam et al.451 exposed montmorillonite particles 2341 
to 200 ppbv O3 for 70 h at room temperature and ~0% RH. No clear change in deposition 2342 
nucleation efficiency was observed after exposure, compared to fresh particles.451 Kanji et al.469 2343 
systematically investigated the IN activity of ATD and kaolinite aerosol particles in deposition and 2344 
immersion modes (between 233 and 263 K) before and after exposure to 0.4-4.3 ppmv O3 at room 2345 
temperature and 0% RH in a stainless steel aerosol chamber. Complex response of IN activity to 2346 
O3 exposure was reported:
469 1) after exposure to 430 ppbv O3 for ~130 min, kaolinite particles 2347 
showed enhanced ice nucleation activity in both deposition and immersion modes over the 2348 
temperature range (233-263 K) they studied, whereas the change of IN activity was insignificant 2349 
for ATD particles in either deposition or immersion nucleation modes; 2) compared to fresh 2350 
particles, kaolinite particles exposed to 1.4 ppmv O3 for ~130 min showed a lower ice nucleation 2351 
activity over 232-240 K in the deposition mode, and only slight suppression of IN activity was 2352 
observed for the immersion over 233-263 K; 3) additionally, ATD particles exposed to 4.3 ppmv 2353 
O3 for ~130 min, compared to unexposed particles, showed significantly lower IN activity in both 2354 
deposition and immersion modes over 233-263 K. 2355 
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5.6 Summary 2356 
Increasing numbers of laboratory studies have shown that chemical aging processes can 2357 
substantially change the IN activity of mineral dust particles. Furthermore, several modeling 2358 
studies have suggested that these changes can have important impacts on cloud microphysics, 2359 
radiation, and thus the climate. In the last two decades significant progress has been made in this 2360 
field, and a comprehensive and systematic picture is emerging. Nevertheless, our understanding in 2361 
the effects of atmospheric aging processes on the IN activity of mineral dust particles is still not 2362 
comprehensive or quantitative. 2363 
 2364 
The same coating formed on dust particles may influence on the IN activity for different minerals 2365 
and different ice nucleation modes in different ways. In addition, it is not unusual that inconsistent 2366 
results have been reported by different studies for the same coating on the same type of dust in the 2367 
same ice nucleation mode. For example, most studies suggest that sulfuric acid coating typically 2368 
reduces the IN activity, while the effect of HNO3 coating is largely unclear. This may be partly 2369 
due to the fact that it is still nontrivial or even challenging to measure the IN activity of aerosol 2370 
particles. What makes it more complicated is that the formation of coating could change the mode 2371 
in which dust particles are activated to ice crystals (e.g., from deposition nucleation to 2372 
condensation/immersion freezing, due to the increase in CCN activity of aged dust particles).375 2373 
Several studies have revealed that the extent of IN activity changes depends on the thickness of 2374 
coatings;219,375,466 however, a quantitative understanding of effects of chemical aging processes on 2375 
IN activity of mineral dust particles is still lacking.  2376 
 2377 
Furthermore, it is still not clear at the molecular level why and how chemical processes with acids 2378 
usually turn to reduce the IN activity of mineral dust particles. It may be largely due to the fact 2379 
that we still do not understand why some minerals are more ice nucleation active than others and 2380 
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the nature of ice nucleation active sites on the surface.443,480 Five factors have been empirically 2381 
proposed to promote heterogeneous ice nucleation.167 1) It is typically assumed that the number of 2382 
ice nucleation active sites is proportional to the particle surface area.238,481-484 2) Heterogeneous 2383 
ice nucleation is preferentially initiated by surfaces of insoluble materials. 3) The ability of a 2384 
surface to form hydrogen bonds usually promotes water adsorption and ice nucleation. 4)  Surfaces 2385 
which have similar crystallographic structures to that of ice will promote ice nucleation. 5) 2386 
Morphological, chemical, and electrical heterogeneities on the surface can also promote ice 2387 
nucleation. Several hypotheses have been suggested to explain why exposure to acid gases (e.g., 2388 
H2SO4 and HNO3) may suppress the IN activity of mineral dust particles. Laboratory studies 2389 
220,261,458 have shown that reaction products which are more soluble (and thus less IN active) can 2390 
lead to the loss of or cover the active sites. Chemical aging processes can also lead to structural 2391 
changes of surfaces, alter their crystalline nature, and cause structural disorders,443,449,458 therefore 2392 
reducing their ice nucleation activity. The patterns in which surfaces interact with water can also 2393 
be changed due to chemical processes, resulting in changes in heterogeneous ice formation.460 In 2394 
addition, a few recent studies 457,459 also suggest that the loss/deactivation of feldspar (which is 2395 
very IN active) heterogeneities may be responsible for the decrease in IN activity of clay minerals. 2396 
6 Concluding remarks and recommendations for future studies 2397 
Interactions of mineral dust particles with water vapor influence their heterogeneous reactivity 2398 
towards reactive trace gases, their hygroscopicity and hence their ability to directly scatter and 2399 
absorb solar and terrestrial radiation, and their activity to serve as CCN and IN and therefore their 2400 
roles in indirect radiative forcing. Additionally, atmospheric heterogeneous and multiphase 2401 
reactions will change their chemical compositions after mineral dust particles are lifted into the 2402 
troposphere, as a result modifying the interactions of mineral dust particles with water vapor. A 2403 
complete and in-depth understanding of the interactions of fresh and aged dust particles with water 2404 
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vapor will help us assess the roles of mineral dust aerosols in many aspects of atmosphere 2405 
chemistry and climate change. 2406 
 2407 
In this article we provide a comprehensive review of water adsorption, hygroscopicity, and CCN 2408 
activity of fresh and aged mineral dust particles, and the effects of chemical aging on the IN activity 2409 
of mineral dust particles. As shown in this review, previous studies have largely improved our 2410 
understanding of the interactions of mineral dust particles with water vapor. Brief summaries are 2411 
provided in Section 4.11 for water adsorption, hygroscopicity, and CCN activities of fresh and 2412 
aged mineral dust particles and in Section 5.6 for the IN activity of aged mineral dust particles. 2413 
However, there still remain many open questions which can only be satisfactorily answered 2414 
through a close collaboration among laboratory studies, field measurements, modeling work, and 2415 
theoretical analysis. Several future directions are recommended here in order to address these 2416 
challenges: 2417 
 2418 
(1) Large discrepancies still exist for water adsorption and hygroscopicity of fresh mineral dust 2419 
particles reported by different studies, especially for clay minerals. Reasons for these discrepancies 2420 
are largely unclear. Further measurements are recommended to solve these discrepancies, and 2421 
well-coordinated collaborations in which same dust samples are distributed to different groups and 2422 
experimental results are intercompared will be very helpful. Most experimental data are only 2423 
presented in graphical forms, yet numerical tabulation of the data can enhance their accessibility 2424 
and usability. 2425 
 2426 
(2) Previous studies which measured water adsorption and hygroscopicity of fresh mineral dust 2427 
particles were mainly carried out at RH lower than 80%. It is recommended that future 2428 
measurements should be extended to RH above 90% or even 99%. Nevertheless, it is non-trivial 2429 
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to do these measurements at RH very close to 100%. In addition, most previous studies have been 2430 
performed at or near room temperature, but temperature varies from ~200 to ~300 K in the 2431 
troposphere, and profound effects of temperature on the hygroscopicity have been reported for 2432 
some materials of atmospheric relevance.485-487 Therefore, the effects of temperature on the water 2433 
adsorption and hygroscopicity of mineral dust particles need to be systematically investigated by 2434 
future studies. 2435 
 2436 
(3) Large numbers of previous laboratory studies have suggested that chemical aging could 2437 
substantially increase the water adsorption ability, hygroscopicity, and CCN activity of mineral 2438 
dust particles. However, most of these studies focused on CaCO3, and the effect of chemical aging 2439 
should also been examined for more abundant minerals and real dust samples. It is also 2440 
recommended that future laboratory work should be carried out at atmospherically relevant 2441 
conditions (e.g., concentrations of reactive trace gases, reaction time, and RH etc.). Studies of this 2442 
type can help to answer how rapidly water adsorption, hygroscopicity, and CCN activity of mineral 2443 
dust particles will be changed during their residence in the atmosphere. 2444 
 2445 
(4) The interactions of mineral dust particles with water vapor influences, and is influenced by, 2446 
interactions with reactive trace gases. Such complex interactions are likely to involve mass transfer 2447 
306,488-492 and chemical reactions in and between all three different phases (gas, liquid, and solid) 2448 
in nonlinear manners.172,173,493-499 Multiphase models have been developed in order to integrate 2449 
these processes and have been applied to study chemical reactions and phase transition of organic 2450 
particles.499-502 If developed for and applied to mineral dust chemistry, they can be very helpful for 2451 
a better understanding of the complex interactions between mineral dust particles, water, and 2452 
reactive trace gases. 2453 
 2454 
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(5) Many field measurements have shown that coated dust particles in the troposphere have 2455 
different phase transition properties when compared to uncoated dust particles. However, most of 2456 
these studies are of a qualitative nature. It will be useful for future field measurements to 2457 
quantitatively and simultaneously determine 1) the amount and type of coating formed on ambient 2458 
mineral dust particles, and 2) the change of water adsorption, hygroscopicity, or CCN activity of 2459 
these coated mineral dust particles. Measurements of this type, though very challenging, will 2460 
largely improve our understanding of the effects of chemical aging processes in the atmosphere. 2461 
 2462 
(6) The impacts of heterogeneous reactions on trace gases and compositions of mineral dust 2463 
particles have been assessed by many regional and global models in the last 2-3 decades. However, 2464 
their effects on the hygroscopicity and CCN activity of mineral dust particles have seldom been 2465 
investigated by modeling studies. Modeling analyses will give a better understanding, on a much 2466 
larger spatial and temporal scale, of the atmospheric relevance of change in hygroscopicity and 2467 
CCN activity of mineral dust particles due to chemical aging processes. 2468 
 2469 
(7) Compared to the effects of atmospheric aging processes on hygroscopicity and CCN activity, 2470 
the impact on IN activity has been much less widely investigated. While sulfate coatings have 2471 
received some attention, much less has been paid to the effects of nitrate and organic species on 2472 
the IN activity of mineral dust particles. In order for a more comprehensive understanding, further 2473 
studies are needed on the effect of different coatings, especially nitrate and organic, on the IN 2474 
activity of mineral dust particles. It is also highly desirable to carry out aging experiments at 2475 
atmospheric relevant conditions, and to control the amount of coatings and/or exposure conditions 2476 
in more quantitative and atmospherically relevent ways. One of the current limitations on our 2477 
ability to understand how chemical aging changes the IN activity of mineral dust particles is to 2478 
correctly mimic atmospheric processing of aerosol particles in the laboratory. For example, it is 2479 
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critical that surface coating composition and thickness realistically mimic what is present in the 2480 
atmosphere. Since coatings, in particular, appear to effectively deactivate effective mineral dust 2481 
ice nuclei,74,219 future studies will need to consider how to properly compare laboratory particles 2482 
to atmospheric measurements. 2483 
 2484 
(8) Mechanisms that change IN activity of dust particles due to atmospheric aging processes are 2485 
largely unknown on a molecular level, and a collaborative effort from experts in aerosol/cloud 2486 
chemistry microphysics, surface science and surface chemistry, and theoretical chemistry will be 2487 
very beneficial. 2488 
 2489 
(9) Field measurements are required to understand if and to which extent the IN activity of mineral 2490 
dust particles in the troposphere is influenced by a variety of aging processes during transport. 2491 
Modeling studies are encouraged to include more laboratory-derived and realistic 2492 
parameterizations for the effects of aging processes on IN activity in their simulations, in order to 2493 
better evaluate the effects of atmospheric aging processes on IN activity, cloud microphysics, and 2494 
climate impacts. 2495 
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